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CHAPTER  I 


INTRODUCTION 


1 . 1  Statement  of  the  Problem 

The  use  of  a  fan  or  rotor  to  Impart  energy  to  a  fluid  (air  or  water) 
invariably  results  in  the  generation  of  noise.  This  noise  is  a  major 
problem  in  aircraft  turboraachinerv  (propellers,  compressors,  and  fans). 
Aircraft  power  plants  expose  a  large  portion  of  the  general  population 
in  the  areas  around  airports  to  high  levels  of  noise.  The  sound  spectrum 
of  fan  or  compressor  noise  is  characterized  by  a  broadband  signal  on 
which  is  superimposed  discrete  peaks  at  blade  passing  frequency  and  its 
multiples.  This  characteristic  sound  spectrum  is  also  found  in  other 
applications.  It  is  therefore  important  to  understand  the  sources  of 
rotor  noise. 

Several  sources  of  rotor  noise  have  been  identified.  They  are 
generally  classified  into  two  groups.  The  first  group  are  those  time 
random  disturbances  which  contribute  to  the  broadband  signal.  Included 
in  this  group  are  boundary  layer  turbulence  (walls,  blades,  etc.), 
separated  flows,  shed  vorticitv  from  blade  trailing  edges,  and  general 
inlet  turbulence.  The  second  group  of  disturbances  are  those  which 
appear  to  be  periodic  from  the  rotor  frame  of  reference.  This  type  of 
disturbance  contributes  mainly  to  tone  noise.  Included  in  this  class 
are  free  stream  elongated  turbulent  eddies,  upstream  blade  wake,  velo¬ 
city  defects,  and  upstream  vortex  flow  generated  by  struts. 

This  thesis  is  concerned  mainly  with  this  second  group  of  sources 
and  their  relative  importance  in  noise  generation.  Important  parameters 
that  will  be  experimentally  measured  and  correlated  with  the  sound 
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spectra  are  inlet  turbulence  and  its  length  scale,  mean  velocity  and 
turbulence  profiles  downstream  of  a  strut  row,  and  the  vortex  flow  gen¬ 
erated  at  the  root  of  a  strut.  The  data  gathered  here,  in  conjunction 
with  an  analytical  approach,  will  be  used  to  identify  the  dominant  flow 
related  sources  of  noise. 

1.2  Engineering  Inportance 

A  variety  of  mechanisms  are  responsible  for  the  generation  of  noise 
by  a  low  speed  fan  or  turbomachinery  rotor.  Atmospheric  turbulence, 
wall  boundary  layer  turbulence,  and  strut -generated  disturbances  (wake 
turbulence  and  velocity  defect,  vortex  flow  regions  at  the  strut  tip  and 
root)  are  some  of  the  sources  that  contribute  to  the  rotor  noise.  Of 
these  noise  sources,  the  effect  of  turbulence  has  been  intensively  in¬ 
vestigated.  Results  of  these  investigations  have  shown  that  turbulence 
is  a  major  source  of  broadband  noise  in  low  speed  rotors.  This  conclu¬ 
sion  led  to  the  development  of  successful  noise  reducing  techniques. 
These  Include  removal  of  turbulence  generating  structures  (grilles, 
support  rods,  struts,  etc.)  from  upstream  of  the  rotor.  Active  removal 
of  the  wall  boundary  layer  by  suction  has  also  reduced  the  level  of 
broadband  noise.  These  techniques,  however,  are  not  without  drawbacks. 
Penalties  incurred  by  use  of  these  methods  include  increased  engine  com¬ 
plexity  and  weight,  as  well  as  degraded  aerodynamic  performance. 

These  methods  for  reducing  noise  were  the  direct  result  of  imple¬ 
mentation  of  data  gathered  in  the  study  of  the  noise- generating  mechan¬ 
isms.  It  must  therefore  follow  that  further  reductions  in  the  levels  of 
turbomachinery  noise  can  be  associated  with  the  study  of  the  remaining 
sources.  These  include  inlet  eddy  size  and  turbulence  levels,  strut 
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wake  parameters  of  velocity  defect  and  turbulence  structure,  and  the 
generation  of  vortex  flow  in  the  centerbody  and  blade  tip  regions. 

1.3  Scope  and  Method  of  Investigation 

The  investigation  reported  here  can  be  broadly  classified  into  three 
phases.  During  the  first  phase,  the  effort  was  directed  toward  an  under¬ 
standing  of  the  atmospheric  turbulent  eddy  elongation  process  as  it 
travels  from  upstream  of  the  inlet  to  a  position  upstream  of  the  rotor. 

The  second  phase  of  the  investigation  consisted  of  the  study  of  the 
strut  generated  noise.  This  study  was  carried  out  using  four  upstream 
struts,  operated  at  various  strut-to-rotor  spacings.  Flow  field  para¬ 
meters,  as  well  as  the  radiated  noise  levels,  were  measured.  The  mean 
velocity  and  turbulence  data  from  the  wake  and  end  wall  regions  were 
correlated  with  the  far  field  acoustic  levels  in  order  to  identify  the 
effects  of  various  strut  disturbances  on  noise  generation.  Trends  of 
acoustic  spectra  were  also  compared  to  the  predicted  levels  obtained  by 
an  analytical  noise  prediction  technique  and  an  unsteady  thrust  analysis. 
Results  of  these  comparisons  were  used  to  support  the  trends  derived  from 
the  experimental  data. 

The  final  phase  of  this  investigation  concentrated  on  the  rotor 
noise  generated  by  the  formation  of  vortex  flow  at  the  root  section  of 
the  strut.  In  this  phase,  the  strength  of  the  vortex  flow  was  altered 
by  varying  the  incidence  angle  of  the  strut.  The  span  of  the  strut  was 
truncated  to  reduce  the  effect  of  the  wake  on  the  sound  spectra.  Mean 
velocity  and  turbulence  data  in  the  region  of  the  inner  wall  were  corre¬ 
lated  with  the  measured  far  field  BPF  acoustic  levels  in  order  to  identify 
the  mechanisms  that  are  responsible  for  the  rotor  noise  in  low  speed 


turbomachinery . 
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CHAPTER  II 

NOISE  SOURCES,  GENERATING  MECHANISMS, 

AND  PREVIOUS  INVESTIGATIONS 

2.1  Sources  of  Rotor  Noise 

The  generation  of  noise  by  a  fan  or  rotor  can  be  related  to  the  non- 
uniform  flow  field  in  which  it  operates.  The  fluctuating  velocities  of 
the  nonuniform  flow  field  produce  time  dependent  pressure  on  the  rotor 
blade.  Tam^  distinguished  between  two  components  of  surface  pressure 
fluctuations  due  to  blade  surface  turbulent  boundary  layers.  Subsonic 
and  supersonic  regimes  exist  which  dictate  radiation  or  decay  of  the 
broadband  components.  The  present  investigation  considers  only  the  radi¬ 
ated  sound  at  blade  passing  frequency  and  its  multiples.  Therefore,  this 
phenomenon  is  unimportant  for  this  investigation. 

The  variations  in  an  unsteady  flow  field  are  classified  into  two 
categories:  (1)  a  spatially  varying  disturbance  caused  by  upstream  wakes, 

vortices,  boundary  layer,  etc.;  and  (2)  temporal  disturbances  such  as 
atmospheric  turbulence.  Atmospheric  turbulence  is  a  three-dimensional 
flow  characterized  by  velocity  fluctuation  intensities,  as  well  as  an 
eddy  size.  These  turbulent  eddies  are  by  nature  distributed  randomly  in 
space.  Therefore,  as  an  aircraft  moves  through  the  atmosphere,  the  com¬ 
pressor  will  encounter  various  eddies  at  different  times. 

The  spatial  variations  in  the  inlet  velocity  field  are  typically 
generated  downstream  of  blare  rows,  support  struts,  grilles,  casing 
walls,  or  any  other  proturberance  into  the  flow.  Wall  boundary  layer 
gradients,  blade  or  strut  wakes,  and  blade  generated  vortices  are  exam¬ 
ples  of  spatially  nonuniform  flow  disturbances.  Unlike  spatial  varia¬ 
tions  in  the  velocity  field,  the  temporal  component  of  the  nonuniform 


flow  field  varies  with  respect  to  time.  The  disturbances  in  the  velocity 
field  which  fluctuate  with  time  can  be  attributed  to  rotating  upstream 
blade  rows,  random  turbulence  present  in  the  inflow  stream,  and  the 
motion  of  the  vehicle  in  which  the  rotor  is  housed. 

2.2  Previous  Investigation  on  Noise  Generating  Mechanisms 

The  discussion  which  follows  is  a  condensed  version  of  the  litera- 

[2]  [3] 

ture  reviews  written  by  B.  Lakshminarayana  ,  B.  E.  Robbins  and 

[41 

N.  A.  Moiseev  et  al.  .  Various  sections  are  expanded  to  update  this 
material. 

The  mechanisms  by  which  such  disturbances  as  incident  turbulence, 
upstream  blade  wakes,  and  vorti' es  generate  noise  are  twofold. 

2.2.1  Quadrupole  sources.  The  interaction  of  turbulence  with  the 
potential  flow  field  of  the  rotor  is  known  to  produce  a  random  quadrupole 
source  about  the  rotor  blade.  Ffowcs-Williams  and  Hawkings ^  were  the 
first  to  investigate  this  noise  source.  In  their  investigation,  they 
noted  that  inhomogeneities  of  the  homogeneous  wave  equation  caused  by  a 
finite  velocity  field  in  the  vicinity  of  the  fan  induced  a  quadrupole 
source  distribution.  This  type  of  source  was  later  investigated  in  de¬ 
tail  by  Chandrashekara^ .  Chandrashekara  developed  a  theoretical  esti¬ 
mate  of  the  sound  power  due  to  the  quadrupole  sources,  then  compared  the 
results  with  experimental  measurements  of  turbulent  velocity  fluctuations 
and  the  rotor  potential  flow  field.  The  conclusion  reached  by  Chandrashe¬ 
kara  and  by  Ffowcs-Williams  and  Hawkings  was  that  quadrupole  sources  are 
insignificant  noise  generators  for  low  speed  fans  at  low  blade  loadings. 
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2.2.2  Dipole  sources.  A  dipole  source  is  generated  on  the  blade 
when  the  rotor  encounters  nonuniformities  in  the  flow  field.  The  oscil¬ 
lating  velocities  of  the  nonuniform  flow  produces  fluctuations  in  the 
angle  of  attack  of  the  blade  row.  The  changes  in  the  angle  of  attack 
lead  to  unsteady  blade  forces  which  radiate  noise.  This  type  of  source 
has  been  studied  by  many  investigators.  The  following  is  a  brief  synop¬ 
sis  of  their  work. 

Sofrin  and  McCann ^  first  showed  qualitative  evidence  that  the 
radiated  sound  intensity  was  dependent  on  the  level  of  inlet  turbulence. 
In  their  investigation,  they  examined  the  noise  due  to  the  viscous  in¬ 
teraction  of  the  inlet  guidevane  (IGV)  and  the  rotor  as  a  function  of 
the  axial  spacing  between  these  two  blade  rows.  Their  data  showed  the 
noise  level  decreasing  as  the  axial  spacing  increased.  This  trend  con¬ 
tinued  until  a  certain  distance  was  reached,  where  the  noise  level  re¬ 
mained  unchanged  with  increased  rotor-IGV  separation.  Beyond  this  sepa¬ 
ration  distance,  the  noise  level  could  only  be  lowered  by  the  complete 
removal  of  the  IGV.  From  these  data,  Sofrin  and  McCann  concluded  that 
the  presence  of  the  IGV  upstream  of  the  rotor  raised  the  turbulence 
level  in  the  duct,  and  the  drop  in  the  noise  level  on  removal  of  the  IGV 
was  due  to  the  lowering  of  the  turbulence  level  incident  on  the  rotor. 

The  production  of  noise  by  turbulence  was  further  investigated  by 
Sharland1  .  Sharland  experimentally  studied  the  noise  produced  by  a 
flat  plate  in  an  open  jet.  Sharland  found  that  with  the  plate  in  the 
potential  core,  the  noise  level  was  due  to  lift  fluctuations  resulting 
from  vortex  shedding  at  the  trailing  edge.  This,  however,  was  not  the 
case  when  the  plate  was  in  the  turbulent  mixing  region  of  the  jet.  In 
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this  region,  the  length  scale  of  the  turbulence  was  on  the  order  of  the 
plate  chord,  and  the  turbulent  velocity  fluctuations  were  the  dominant 
noise  source.  Sharland  further  observed  that  the  noise  due  to  boundary 
layer  pressure  fluctuations  was  insignificant  when  compared  to  vortex 
shedding  and  turbulence  noise.  Sharland  provided  an  estimate  of  the 
level  of  noise  produced  due  to  incident  turbulence  induced  airfoil  lift 
fluctuations.  He  derived  this  equation  by  combining  the  acoustic  theory 
due  to  Curle^  with  Liepmann’s^1^  statistical  unsteady  airfoil  lift 
ideas. 

W - *-5  /  *2c  U  4  (q  )2  dy  ,  (2.1) 

48*3  J  rei  0 

o 

where  W  *  total  acoustic  power, 

p  ■  fluid  density, 

aQ  *  velocity  of  sound, 

<J/  »  average  lift  slope  defined  by  CT  =  <pq  /U, 

L  o 

qQ  *  turbulent  velocity  component  normal  to  the  chord, 
c  =  blade  chord  at  spanwise  location  y 
and  Urel  *  relative  mean  velocity  of  the  blade  section  at  y. 

Morfey^1^  narrowed  the  scope  of  the  problem  by  choosing  to  study 
only  the  broadband  noise  due  to  the  interaction  of  the  turbulent  wakes 
from  upstream  blade  rows  with  a  downstream  blade  row.  Morfey  measured 
and  analyzed  the  noise  levels  from  a  number  of  multistage  compressors 
and  obtained  several  important  correlations.  He  found  that  the  frequency 
spectra  collasped  reasonably  well  using  the  nondimensional  parameter  £/X 
[the  characteristic  length  l  is  related  to  the  upstream  blade  drag 
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coefficient  (C^)  and  blade  chord  (2b)  by  the  equation  l  =  2b  C^,  is 
the  sound  wave  length].  This  was  unexpected  since,  up  to  this  point, 
the  frequency  collapse  would  have  been  expected  to  depend  on  the  Strou- 
hal  number,  fi/U.  The  importance  of  this  last  statement  should  not  be 
overlooked.  Instead  of  the  sound  power  varying  as  as  predicted 

using  Strouhal  number  scaling,  H/ frequency  scaling  results  in  sound 
power  varying  as  M^e^.  Morfey  analyzed  the  semi-erapirical  collaspe  of 
the  sound  power  data  and  arrived  at  the  following  nondimensional  sound 
power  parameter 


G 


dW 

df 


*3  2  4. 

f  s  esc  S. 


pa5S  M5  , 
o  r  rel 


(2.2) 


where  B  *  number  of  rotor  blades, 

o 

f  «  frequency, 

G  »  nondimensional  sound  power  parameter, 

M  ,  =  relative  Mach  number,  U  ,/a  , 
rel  rel  o 

s  =  blade  span, 

S  »  blade  spacing,  2irr/BQ, 

S  =  rotor  blade  area  s.c.B  , 

r  o 

and  =  exit  relative  flow  angle. 

[121 

Mugridge  and  Morfey  analyzed  the  experimental  and  theoretical  results 
obtained  from  various  axial  flow  fan  noise  sources  and  reached  some  im¬ 
portant  conclusions  regarding  the  physical  mechanisms  involved  in  the 
generation  of  unsteady  blade  lift  noise.  They  determined  that  the  broad¬ 
band  noise  radiated  from  subsonic  fans  was  related  to  random  fluctuations 
in  the  blade  loading.  The  fluctuations  in  the  blade  loading  were  found 


to  be  the  result  of  the  blade  encountering  random  turbulence.  As  was 
shown  by  Morfey’s^^  experimental  work,  the  inlet  turbulence  noise 
mechanisms  dominate  all  other  sources  in  most  applications.  This  inlet 
turbulence  may  originate  in  the  wall  or  blade  boundary  layers  or  be  con- 
vected  with  the  mean  flow. 

Mugridge  and  Morfey  concluded  the  following  from  their 
investigations: 

1.  Fan  noise  at  subsonic  speeds  may  be  due  to  dipole  or 
quadrupole  source.  The  predominant  source  of  noise 
in  lightly  loaded  or  low  speed  fans  is  the  dipole 
type,  arising  from  fluctuating  blade  forces. 

2.  Noise  from  incident  turbulence  can  be  estimated  from 
the  blade  surface  spectrum  and  the  turbulent  veloci¬ 
ties  entering  the  blade  row. 

3.  Vortex  flows  associated  with  blade  tip  clearances 
and  duct  boundary  layers  are  a  source  of  turbulence 
and,  consequently,  broadband  noise.  Because  they 
have  opposing  effects  on  the  vortex  flow,  tip  clear¬ 
ance  and  boundary  layer  thickness  can  be  balanced  to 
reduce  the  noise  radiation. 

An  exact  analytical  procedure  for  predicting  the  radiated  noise 
from  a  fan  due  to  turbulence  was  first  provided  by  Sevik^"^  and  Mani^"*l 
Their  procedure  consisted  of  first  assuming  a  turbulence  model,  then 
calculating  the  turbulence  generated  unsteady  lift.  After  calculating 
the  unsteady  lift,  the  force  distribution  was  determined  to  predict  the 


acoustic  radiation  of  the  fan. 


began  his  analysis  by  assuming  the  turbulence  to  be  homo- 


27rfL 

x 

where  r  =  — - -  ,  nondimensional  frequency, 

x 

W  =  sound  power  in  watts, 

^2  =  mean  square  of  axial  turbulent  velocity 

fluctuations,  /"^  , 
u 

a  =  speed  of  sound, 
o 

p  =  fluid  density, 

=  axial  flow  velocity, 

rc  =  tip  radius  of  the  rotor, 

=  turbulent  axial  integral  length  scale, 

g(F)  =  frequency  parameter  defined  in  Reference  12, 

F^(rt/Lx>  krt)  =  radiation  function  given  in  Reference  12, 

M  =  axial  Mach  number,  U  /a  , 
a  x  o 

<j>  =  flow  coefficient, 
r^/r  =  hub-to-tip  ratio, 
and  f  ■  frequency  (Hz). 

Sevik's  expression  predicts  that  the  radiated  sound  spectrum  depends 


on  the  turbulence  intensity,  a  characteristic  time  scale  defined  as  the 
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ratio  of  the  integral  length  scale  of  turbulence  to  the  axial  flow  velo¬ 
city,  and  the  characteristic  length  scales  of  blade  chord,  radius  of  the 
rotor,  and  the  ratio  of  the  integral  scale  of  turbulence  to  acoustic 
wavelength.  It  is  important  to  note  that  the  spectrum  predicted  by  this 
theory  does  not  exhibit  the  characteristic  peaks  at  blade  passing  fre¬ 
quency  and  its  harmonics.  This  is  due  to  Sevik' s  theory  not  including 

any  blade-to-blade  correlations  of  unsteady  lift. 

[14] 

Mani's  approach  to  the  problem  of  rotor  generated  sound  due  to 
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incident  free  stream  turbulence  was  similar  to  that  taken  by  Sevik 
Mani's  model,  like  Sevik' s  model,  assumed  the  turbulence  to  be  homogen¬ 
eous  and  isotropic.  Mani  extended  his  model  by  assuming  the  turbulence 
to  be  weak  and  that  it  could  be  characterized  by  a  longitudinal  velocity 
correlation  function  of  the  type  exp  (-r/L  ) .  In  this  expression,  r  is 
the  separation  between  points  in  the  turbulence  field,  and  Lx  is  the 
length  scale  of  turbulence.  Using  these  assumptions,  Mani  derived  the 
following  expression  for  the  radiated  sound: 


dl  3  TT  2  *2a2XS 

X  T~  =  T  Pu  u  •  - 

dx  2  x  „ ,  T  2 
24L  cos  Q 
x 


i-  1/"’ 

a 


2ncxsini: 


log 


/1+2*v] 

1+21W 

r- 

1  j 

u 

(l+3cos2Ok2  +  L  2  +  6k  k  cos^sinC  +  (l+3sin2^)k2 
_  x  x _ x  y  _ _ _  v 

-222  1/2 
<L  *  +  k  +  k  )x/ 
x  x  y 


dk 


9  I,  (l->l2)(cotVl) 
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arcsin  M  ^ 

M2(l-M2)1/2  m- 
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where  I  =•  intensity, 

u“  =  mean  square  of  axial  turbulent  velocity  fluctuations, 

X  =  acoustic  wave  number, 

Q  =  stagger  angle  of  cascade, 

=  longitudinal  integral  length  scale  of  turbulence, 

M  =  axial  Mach  number, 
a 

o  =  blade  row  solidity,  c/S, 
c  =  blade  chord, 


and 


r± 


M 


rel 

Mt 

k 


k.  ,  k 
x  y 


(cx/2M  .  A  -  M2 )  •  {  A  -  m2  ±  M  }, 
rel  a  a  t 

flow  Mach  number  relative  to  the  rotor, 

rotor  tip  Mach  number, 

XS,  wave  number, 

blade  spacing, 

axial,  tangential  component  of  the  nondimensional 
wave  number. 


t 

The  above  expression  indicates  that  the  acoustic  energy  per  unit  fre¬ 
quency  is  dependent  on  intensity  of  the  incident  turbulence,  axial  flow 
Mach  number  M^,  rotor  blade  tip  Mach  number  Mf ,  blade  row  solidity  o, 
and  most  importantly,  the  ratio  of  turbulence  length  scale  to  blade 
spacing  L^/S.  The  spectrum  predicted  by  Mani's  expression  exhibits 
broadband  peaks  at  the  blade  passing  harmonics  when  the  value  of  Lx/S 

exceeds  0.5.  The  peaks  become  sharper  as  the  value  of  Lx/S  becomes 

[131 

larger.  This  is  important  since  Sevik's  theory  did  not  predict  these 
peaks.  For  values  of  L^/S  less  than  0.5,  although  Mani's  expression  in¬ 
dicates  the  peaks  disappear,  it  does  predict  a  general  increase  in  the 


nondimensional  sound  level. 
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Sevik's  and  Mani's^^  theories  were  later  modified  by  Robbins 
and  Lakshminarayana^^  to  include  the  aerodynamic  transfer  function  of 
a  cascade  developed  by  Whitehead  Robbins  and  Lakshinarayana  con¬ 

ducted  an  experimental  investigation  in  which  the  measured  sound  spectrum 
generated  by  a  rotor  operating  at  several  tip  speeds  and  in  different 
intensity  levels  of  inlet  turbulence  were  compared  to  the  predicted 
spectra.  The  major  conclusions  they  reached  are  listed  below. 

1.  The  total  sound  power  is  dependent  not  only  on  turbulent 

intensity  but  the  length  scale  as  well.  The  sound  power 

— 2  4  ■  2 

is  proportional  to  u  U^^/L  . 

2.  The  sound  spectrum  had  a  shape  similar  to  the  turbulent 
energy  spectrum. 

3.  The  sound  spectrum  levels  produced  can  be  accurately 
predicted  over  a  limited  frequency  range.  The  Sevik- 
Sears  theories  overestimation  of  noise  intensity  at 
lower  frequencies  can  be  attributed  to  interference 
effects  due  to  a  cascade. 

4.  The  use  of  the  cascade  gust  function  did  not  affect  the 

sound  pressure  level  at  moderate  frequencies  (0.7  to 

2.0  kHz).  At  higher  frequencies,  the  predictions  with 

the  cascade  gust  function  were  closer  to  measured  sound 

levels,  particularly  with  Mani's  theory. 

[131 

A  more  recent  extension  of  Sevik's  analysis  has  been  done  by 
r  i  o  i 

Thompson1  .  Thompson  has  extended  Sevik's  analysis  to  include  blade- 


to-blade  correlations  so  that  the  time  dependent  thrust  of  a  propeller 
could  be  predicted. 
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[19] 

Pickett  has  extended  Mani's  theory  to  include  anisotropic  tur¬ 
bulence.  The  aerodynamic  response  function  Pickett  used  was  the  function 
developed  by  Mugridge^*^  for  a  three-dimensional  flow.  Pickett  reached 
the  following  conclusions. 

1.  The  frequency  distribution  of  radiated  sound  is  primarily 
dependent  on  the  axial  length  scale,  L  .  Large  Lx  leads 
to  discrete  tones  at  blade  passing  frequency  and  its 
harmonics. 

2.  Sound  power  levels  depend  on  turbulent  intensity  and 
circumferential  and  radial  length  scales. 

3.  The  division  of  sound  radiation  upstream  and  downstream 
is  strongly  dependent  on  the  circumferential  and  radial 

length  scales. 

[21] 

Lowson  eliminates  the  need  to  model  the  turbulence  and  finds  an 
appropriate  aerodynamic  forcing  function  by  assuming  that  the  time  de¬ 
pendent  lift  on  a  blade  is  known.  Beginning  with  the  single  blade  case, 
Lowson  expanded  his  analysis  with  a  weighting  function  to  the  multibladed 
case.  This  weighting  function  consists  of  two  parts,  a  delta  function  at 
the  blade  passing  frequency,  BPF,  and  a  background  level  part  due  to 
random  blade-to-blade  variations.  When  these  two  parts  are  correlated, 
a  peak  appears  at  BPF.  Lowson  concluded  that,  based  on  these  variations, 
a  greater  effort  to  achieve  uniformity  in  the  flow  field  would  be 
justified. 

[22] 

Like  Lowson,  Hanson  also  assumed  that  the  time  dependent  lift 
is  known.  Hanson's  model  permits  exact  solutions  for  the  power  spectral 
densities  of  the  blade  and  the  sound  field  by  the  use  of  the  pulse  modu¬ 
lation  theory.  The  turbulence  is  assumed  to  consist  of  eddies  which  are 
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discrete  but  whose  characteristics  (intensity,  width,  and  length)  are 
random  variables.  Hanson  further  assumes  that  the  force  due  to  each 
eddy  acts  at  a  point  along  the  radius  of  each  blade.  Radial  distribu¬ 
tion  of  the  force  was  neglected  so  long  as  the  radial  dimension  of  the 
eddy  is  smaller  than  the  wavelength  of  the  sound.  In  his  experimental 
data,  he  found  that  inlet  turbulent  eddies  are  elongated  as  they  are 
sucked  into  a  static  fan  and  are  chopped  by  each  blade  at  least  once  per 
revolution.  This  chopping  of  the  eddy  gives  rise  to  a  train  of  lift 
pulses  on  the  blade  at  rotational  frequency.  The  irregularities  of  the 
eddies  were  modeled  by  varying  the  pulse  amplitude  and  pulse  position. 
These  pulse  functions,  as  well  as  the  distribution  function  of  the  tur¬ 
bulent  eddies,  were  determined  from  direct  measurements  of  the  instan¬ 
taneous  lift  on  the  blade.  Although  Hanson’s  theory  is  in  good  agree¬ 
ment  with  his  experimental  data,  the  difficulty  in  measuring  the  blade 
loading  in  many  installations  is  a  major  drawback. 

The  importance  of  the  turbulence  on  the  generation  of  noise  was  also 

[23] 

shown  by  Moiseev,  Lakshminarayana ,  and  Thompson  in  their  experimental 
investigation  of  boundary  layer  turbulence  noise.  They  verified  that  the 
intensity  and  length  scale  of  turbulence  were  controlling  factors  in 
noise  generation.  Their  work  also  verified  Mani's  prediction  that, 
with  decreasing  iWS  (for  nearly  isotropic  turbulence),  the  general 
noise  level  will  increase  and  the  BPF  peaks  will  broaden.  Finally, 
Moiseev  et  al.  concluded  that  the  long  eddies  were  primarily  responsible 

for  discrete  tone  prediction. 

[24] 

Homicz  and  George  studied  the  effect  on  noise  of  compressibility 
and  distributed  loading  from  the  interaction  of  isotropic,  homogeneous 
turbulence  on  a  rotor.  During  the  course  of  their  investigation,  they 


proposed  the  parameter  Ux/Lx  ft,  where  Ux  is  the  axial  velocity,  Lx  is 
the  turbulent  length  scale,  and  ft  is  the  rotor  shaft  speed.  This  para¬ 
meter  is  important  because  large  values  lead  to  a  broadband  noise,  while 
progressively  smaller  values  were  found  to  give  rise  to  an  increasingly 
discrete  noise  spectrum.  Homicz  and  George  found  that  the  main  influence 
of  the  compressibility  and  distributed  loading  effects  was  the  lowering 
of  high  frequency  noise. 

[  251 

Lowson,  Whatmore  and  Whitefield  investigated  the  rotor  tip 

noise.  They  found  that  the  flow  irregularities  generated  at  the  blade  tip 

interacted  with  the  rotor  to  produce  high  frequency  noise.  Lowson  et  al. 

concludes  that,  although  several  source  mechanisms  were  involved  in  the 

generation  of  noise,  they  were  easily  controlled.  When  these  data  are 

[24 1 

compared  to  Homicz  and  George's  ‘  theory,  good  agreement  was  achieved, 
r  26  ] 

Dittmar1  also  investigated  rotor  tip  flow  irregularities  as  a 

noise  source.  He  found  that  the  magnitude  of  the  rotor  tip  noise  was 

on  the  same  order  as  the  rotor  wake-stator  noise  mechanism.  Dittmar 

concluded  that  a  6  dB  noise  reduction  could  be  expected  to  occur  if  the 

rotor  tip  defect  stator  noise  mechanism  was  removed. 

[27] 

Cumpsty  and  Lowrie  made  noise  measurements  for  various  rotor  tip 
speeds  inflight  and  compared  the  results  to  noise  measurement  made  during 
static  conditions.  The  major  conclusions  they  reached  are  listed  below: 
1.  Under  typical  static  test  conditions,  there  are  enough 
unsteady  distortions  in  the  inflow  to  dominate  the  blade 
passing  frequency,  BPF,  sound  at  subsonic  rotor  tip 
speeds.  These  unsteady  distortions  cause  the  variation 
of  sound  pressure  level  with  time  usually  associated  with 


rotor  BPF  tones. 
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2.  Boundary  layer  Intake  Is  the  dominant  source  of  distortion 
at  low  Mach  numbers.  The  momentum  thickness  of  the 
boundary  layer  appears  to  be  the  best  correlating  para¬ 
meter.  At  higher  Mach  numbers,  low  order  turbulent  eddies 
become  the  dominant  source. 

3.  There  is  a  significant  change  in  noise  between  static  and 

in-flight  tests.  Greater  care  must  therefore  be  taken  in 

interpreting  static  noise  tests, 
r  28  ] 

Goldstein  et  al.  included  in  their  theoretical  model  the  com¬ 
pressibility  effect,  convection  of  eddies  by  the  mean  flow,  and  anis- 
tropic  inlet  turbulence.  From  their  investigation,  they  concluded  that 
when  turbulence  correlation  lengths  become  equal  to  blade  spacing,  the 
predicted  spectra  exhibits  peaks  at  tonal  frequencies.  They  also  found 
that  the  quadrupole  noise  source  contributes  mainly  to  the  broadband 
spectrum  until  the  correlation  lengths  of  the  turbulence  become  quite 
large. 

A  critical  review  of  turbomachinery  noise  is  presented  by 
[291 

Cumpsty  .  Cumpsty  covers  the  present  base  of  experimental  data  and 
notes  the  lack  of  application  of  present  theories.  Theoretical  models 
are  described  with  emphasis  on  the  assumptions  they  make.  The  overall 
conclusion  drawn  by  Cumpsty  is  that  very  little  is  known  about  the  noise 
mechanisms  of  high  speed  machinery. 
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CHAPTER  III 

EXPERIMENTAL  APPROACH  AND  TECHNIQUE 


3. 1  Test  Facility 

An  existing  aero-acoustic  test  facility  at  the  Applied  Research 

Laboratory  was  used  for  this  investigation.  Originally  designed  by 

Robbins  and  Lakshminarayana^^  ,  the  facility  was  modified  by  Moiseev  et 
[231 

al.  to  include  a  larger  anechoic  chamber,  and  an  extended  inlet 

annulus.  For  this  investigation,  the  test  facility  was  basically  in 
the  same  configuration  as  employed  by  Moiseev.  However,  two  modifica¬ 
tions  were  made:  the  addition  of  a  new  probe  survey  ring  for  circumfer¬ 
ential  traverses  upstream  of  the  rotor,  and  a  fiberglass  baffle  upstream 
of  the  anechoic  chamber  air  inlet.  A  detailed  description  of  these 
changes  will  be  given  later. 

The  facility  is  shown  in  Figure  1.  It  consists  of  four  major  sec¬ 
tions:  the  anechoic  chamber,  the  test  rotor,  the  screen  diffuser  and 
baffle  chamber,  and  the  Joy  Axivane  axial  flow  fan.  The  anechoic  cham-  . 
ber  surrounds  the  rotor  inlet  and  offers  a  known  acoustic  environment  in 
which  to  measure  the  acoustic  performance  of  the  test  rotor.  Downstream 
of  the  rotor,  a  screen  diffuser  and  a  baffle  chamber  are  utilized  to  pre¬ 
vent  flow  separation  with  its  attendant  noise  and  to  inhibit  the  propaga¬ 
tion  of  Joy  fan  radiated  noise.  The  Joy  fan  was  used  to  control  the 
mass  flow  through  the  test  rotors.  Only  a  brief  description  of  the 
facility  will  follow.  For  the  detailed  design  philosophy,  the  reader  is 
referred  to  Reference  [3]. 


b- eTH 
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3.1.1  Anecholc  chamber.  The  anechoic  chamber  consists  of  a  basic 
wooden  frame  supported  from  the  floor  by  12  spring-vibration  isolators. 
The  ceiling  and  floor  of  the  chamber  were  formed  by  an  18.25  cm  layer  of 
Owens-Corning  Type  705  industrial  fiberglass.  The  walls  were  constructed 
in  a  bookcase  fashion,  where  the  spaces  between  shelves  were  filled  with 
a  15.5  cm  thick  layer  of  fiberglass.  To  further  attenuate  extraneous 
outside  noise,  a  5.08  cm  airspace  was  formed  by  covering  the  exterior 
wood  frame  with  tar  paper.  Finally,  the  entire  chamber  was  isolated 
from  ambient  room  noise  by  a  composite  1.91  cm  lead  foil  covered  plywood 
partition.  The  interior  dimensions  of  the  chamber  are  3.35  m  x  3.66  m  x 
2.44  m. 

From  this  baseline  configuration,  special  modifications  were  made 
to  permit  the  use  of  the  test  rotor  facility  with  the  anechoic  chamber. 

To  minimize  the  ingestion  of  turbulence  from  the  walls  of  the  chamber, 
the  inlet  annulus  of  the  rotor  was  centered  in  the  wall  and  extended 
38  cm  out  from  the  wall.  Special  attention  was  given  to  the  region  where 
the  annulus  entered  the  chamber,  so  as  to  prevent  exterior  air  from  being 
ingested.  In  the  wall  opposite  the  inlet,  a  two-meter  diameter  air  inlet 
hole  was  cut  concentric  with  the  inlet  annulus  as  shown  in  Figure  1. 
Finally,  a  thin  porous  foam  rubber  sheet  covered  the  hole  to  filter  and 
diffuse  the  air. 

To  verify  that  free  field  acoustic  conditions  existed  inside  the 
anechoic  chamber,  a  series  of  tests  were  conducted.  The  procedure  con¬ 
sisted  of  driving  a  speaker  at  selected  pure  tones  and  measuring  the 
sound  field  with  a  condenser  microphone  at  various  distances  from  the 
source.  Ideally,  a  good  free  field  condition  is  indicated  by  a  6  dB  drop 
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in  sound  pressure  level  (SPL)  with  a  doubling  of  separation  distance. 

The  results  of  these  tests  are  plotted  in  Figure  2.  The  first 

r  23] 

experiment  was  a  repeat  of  Moiseev's  et  al. 1  J  test  where  the  anechoic 
chamber  air  inlet  was  closed  and  the  inlet  duct  was  removed.  The  results 
shown  in  Figure  2a  indicated  that  good  free  field  conditions  existed. 

In  the  second  configuration,  the  inlet  annulus  was  replaced  and  the 
chamber  air  inlet  hole  was  opened.  The  fiberglas  baffle  was  not  in 
place  on  the  plywood  partition  for  this  set  of  measurements.  The  speaker 
was  centered  at  the  inlet  annulus  lip  and  the  microphone  traversed  along 
the  annulus  centerline.  When  the  data  is  plotted  against  ideal  free 
field  results,  a  ±3.0  dB  scatter  was  observed  (Figure  2b).  It  was  felt 
that  this  scatter  was  the  result  of  sound  reflections  off  the  plywood 
partition  which  was  located  directly  in  front  of  the  chamber  air  inlet 
hole.  To  rectify  this  situation,  a  5.08  cm  thick  fiberglas  baffle  was 
fastened  to  the  plywood  partition  (as  shown  in  Figure  1)  and  the  test 
repeated.  As  indicated  in  Figure  2c,  a  6  dB  drop  in  SPL  was  measured 
with  a  doubling  of  separation  distance,  thus  verifying  a  good  free  field 
acoustic  environment. 

3.1.2  Fan  and  inlet  annulus.  The  design  and  operating  characteris¬ 
tics  of  the  rotor  are  summarized  in  Table  1.  The  tip  diameter  of  the 
rotor  is  17.53  cm.  The  centerbody  diameter  is  8.74  cm.  This  results  in 
a  centerbody-to-tip  ratio  of  0.482.  The  variation  of  blade  chord  and 
stagger  angle  as  a  function  of  radius  are  presented  in  Table  2.  Lastly, 
the  blade  profiles  and  flow  angles  are  shown  in  Figure  3. 

The  standard  configuration  of  the  rotor  employed  17  blades.  This 
resulted  in  a  blade  spacing  of  2.43  cm  at  mid-radius.  The  rotor  was 
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TABLE  1 

ROTOR  DESIGN  AND  OPERATING  CHARACTERISTICS 


Number  of  rotor  blades  .  17 

Rotor  diameter .  17.53  cm 

Rotor  operating  speed .  5440  rpm 

Inlet  air  velocity .  39.0  m/sec 

Flow  coefficient  (4>) .  0.75 

Blade  pressure  coefficient  ),  (design  at 

mid-span) .  0.25 

Blade  drag  coefficient  (CQ) ,  (design  at  mid-span)  .  0.04 

Blade  lift  coefficient  (C^) ,  (design  at  mid-span)  .  0.43. 

Stage  loading  coefficient  (ip  ),  (design  at 

mid-span) .  0.38 

Blade  chord  (at  r/rt  »  0.75) .  4.06  cm 

Blade  spacing  (at  r/r^  =  0.75) .  2.4  3  cm 

Stagger  angle  (at  r/rt  =  0.75) . .  .  34.95  degrees 

Solidity  (at  r/rt  *  0.75)  1.67 


SECTION  VIEWS 
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TABLE  2 


ROTOR  CHORD 

AND  STAGGER  ANGLE 

variation  with  radius 

Radius  (cm) 

Chord  (cm) 

Stagger  Angle  (radians) 

4.57 

3.99 

0.31 

5.08 

3.94 

0.38 

5.59 

3.99 

0.46 

6.10 

4.04 

0.54 

6.60 

4.06 

0.61 

7.11 

4.09 

0.66 

7.62 

4.09 

0.72 

8.13 

4.11 

0.77 

8.64 

4.14 

0.81 
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operator  at  a  flow  coefficient  of  <p  =  0.75.  This  corresponds  to  a  design 

advance  ratio  of  2.35.  The  axial  velocity  at  blade  mid-span  was  held 

constant  at  39.0  ra/sec.  The  rotor  operated  at  5440  rpm.  The  steady 

state  aerodynamic  response  of  the  rotor  at  mid-span  is  presented  in 

Table  1.  For  a  detailed  summary  of  the  rotor's  steady  state  aerodynamic 

[4] 

response,  see  Moiseev  et  al. 

The  section  of  the  facility  forward  of  the  test  rotor  is  the  inlet 
annulus.  It  consists  of  a  bellmouth  inlet,  a  60.64  cm  long  inlet  annu¬ 
lus,  and  a  variable  length  centerbody.  The  centerbody  was  supported  by 
two  sets  of  three  thin,  aerodynamically  shaped  tie  rods  tangentially 
spaced  120  degrees  apart.  By  altering  the  configuration  of  the  center- 
body,  the  desired  turbulent  inflows  to  the  rotor  were  obtained.  A  des¬ 
cription  of  these  configurations  and  the  inflows  produced  are  presented 
in  Section  3.2.1  on  inlet  configurations.  The  last  modification  made 

was  the  addition  of  a  new  survey  ring.  As  illustrated  in  Figure  1,  the 

survey  ring  allowed  the  probe  to  make  circumferential  traverses  at  vari¬ 
ous  radii  at  various  axial  locations  upstream  of  the  rotor. 

3.1.3  Screen  diffuser  and  baffle  chamber.  The  exit  flow  from  the 
rotor  passes  through  an  annular  transition  diffuser  to  the  screen  dif¬ 
fuser.  The  screens  allow  a  rapid  expansion  of  the  flow  without  the  risk 

of  flow  separation.  From  the  screen  diffuser,  the  flow  enters  the 

acoustic  baffle  chamber.  The  chamber  was  constructed  of  six  parallel 
airfoil  shaped  baffles  inside  a  1.52  m  square  enclosure.  The  airfoil 

baffles  and  the  enclosure  walls  were  covered  with  a  5  cm  thick  layer  of 

[31 

fiberglas  sound  sound  absorption.  Robbins  has  provided  a  complete 
description  of  the  design  and  construction  of  the  screen  diffuser  and 


baffle  chamber. 


3.2  Experimental  Program  and  Instrumentation 

3.2.1  Inlet  configurations.  For  each  phase  of  this  investigation, 
the  rotor  inflow  was  generated  by  modifying  the  inlet  configuration  in 
conjunction  with  varying  the  rotor-to-strut  spacing.  The  first  phase, 
in  which  the  effects  of  contraction  on  inlet  turbulence  were  investiga¬ 
ted,  employed  the  configurations  shown  in  Figure  A.  In  this  cross- 
sectional  view,  the  axial  locations  of  flow  measuring  stations  are  in¬ 
dicated.  The  spinner  over  which  station  1  is  located  is  rotating  with 
the  rotor.  The  removable  square  mesh  grid  was  used  to  alter  the  level 
and  structure  of  the  inlet  turbulence.  The  grid  has  a  mesh  size  of 
2.86  cm  and  a  rod  diameter  of  0.556  cm.  This  grid  was  used  throughout 
the  investigation. 

The  second  phase  of  the  investigation  considered  the  noise  spectra 
due  to  the  rotor  operating  in  strut-generated  flow  disturbances.  The 
struts  used  had  a  NACA  0021  symmetric  airfoil  profile  with  a  chord 
length  of  13.97  cm  and  a  span  of  A. 38  cm.  Measurements  were  made  with 
four  struts  on  two  different  stationary  centerbodies,  one  extending  for¬ 
ward  of  the  rotor  26.35  cm  and  the  other  A7.63  cm.  Data  were  also  taken 
with  no  struts  present.  When  the  struts  were  used,  they  were  symmetri¬ 
cally  spaced  90  degrees  apart  at  zero  incidence.  The  upstream  location 
of  the  struts  for  each . centerbody  are  illustrated  in  Figures  5  and  6. 
Measurements  were  taken  with  and  without  a  grid. 

In  the  final  phase  of  the  investigation,  the  radiated  noise  due  to 
a  rotor  operating  in  a  flow  field  with  a  dominant  vortex  flow  near  the 
centerbody  was  studied.  The  struts  used  were  the  same  as  those  in  the 
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Figure  4.  Inlet  Turbulence  Annulus  Configuration. 
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Figure  6.  Inlet  Annulus  Configuration  with  26.33  cm  Long  Centerbody. 


above  configuration  except  that  the  span  was  shortened  to  1.19  cm  to 
study  the  effect  on  the  noise  spectrum  of  vortex  flow  in  the  absence  of 
the  strut  wake.  Two  shortened  strut  configurations  were  considered,  one 
employing  four  struts  space  tangentially  90  degrees  apart  and  the  other 
employing  a  single  strut.  In  both  configurations,  the  grid  was  used  to 
alter  the  inlet  turbulence.  The  strength  of  the  vortex  flow  was  altered 
by  changing  the  incidence  angle  of  the  strut  from  +12  degrees  to  -12 
degrees.  The  mounting  of  the  struts  is  shown  in  Figure  7. 


3.2.2  Aerodynamic  flow  measurements 

3. 2. 2.1  Inlet  turbulence.  Measurements  of  the  inlet  tur¬ 
bulence  were  conducted  with  an  X-array  hot  wire  probe.  The  mean  velo¬ 
cities,  turbulence  intensities,  and  the  axial  length  scale  of  turbulence 
were  measured  at  several  radii  for  four  axial  stations,  see  Figure  4. 

The  axial  and  tangential  components  of  turbulence  intensity  were  deter¬ 
mined  by  using  the  linearized  King's  Law  equation.  As  stated  by  Von 
Frank^*^  ,  the  axial  and  tangential  turbulent  velocities  are  calculated 
by  Equations  (3.1)  and  3.2),  respectively: 


and 


2E/U~ 
_ x 

B/sin  y 


+  e2> 


(3.1) 


2eAT  - 

- 2-  / - 2 

B/sin  y  (el  “  ®2) 


(3.2) 


where 


=  axial  turbulent  velocity  fluctuation. 


33 


Figure  8.  Probe  Orientation  for  Inlet  Turbulence  Measurements. 
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T  *  /  p  (t )dx  •  (3.3) 

4  uu 
o 

The  term  p  (t)  is  defined  as  follows: 
uu 

Puu(T)  -  u(x,r ,k,t)u[x,r,k, (t  +  t)]/u2  (3.4) 

Assuming  that  turbulent  eddies  were  convected  at  the  same  velocity 
as  the  mean  flow,  the  length  scale  was  determined  by  multiplying  the 
integral  time  scale  by  the  local  mean  axial  velocity. 

Figure  9  is  a  diagram  of  the  hot  wire  instrumentation  setup.  All 
measurements  were  taken  in  the  real  time  reference  frame.  Root  mean 
square  voltages  were  integrated  over  a  100  second  time  period,  which  re¬ 
sulted  in  a  measurement  error  of  less  than  0.6  percent.  The  turbulent 
energy  spectra  were  measured  by  averaging  the  signals  over  1024  ensembles 
from  0-20  kHz  with  a  40  Hz  bandwidth.  This  resulted  in  a  3.1  percent 
random  error  in  the  data. 

3. 2. 2. 2  Strut  wake.  Measurements  of  the  strut  wake  were 
conducted  with  a  single  sensor  hot  wire  probe.  With  the  probe  oriented 
as  shown  in  Figure  8b,  the  resultant  mean  velocity,  turbulence  intensity, 
and  axial  length  scales  were  measured.  The  turbulent  velocity  was  cal¬ 
culated  as  follows: 


where  *2  =  fluctuating  turbulent  velocity  (=  *^u2  +  w2 

E  =  DC  part  of  anemometer  voltage, 
e  =  AC  part  of  anemometer  voltage. 


(3.5) 
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=  tangential  turbulent  velocity  fluctuation, 

E  *  DC  part  of  anemometer  voltage  (same  for  both  sensors) , 
e^,  e?  =  AC  part  of  anemometer  voltages, 

B  =  slope  of  King's  Law  equation  for  sensors 

(E  +  e. )2  =  E  2  +  B/"7  , 

1  o 

Y  =  angle  between  wire  and  axial  direction, 

=  local  free  stream  axial  velocity, 

V  =  velocity  normal  to  the  wire, 

and  E  =  DC  voltage  at  zero  mean  velocitv. 

o  6 

Equations  (3.1)  and  (3.2)  were  derived  on  the  basis  that  the  two  sensor 
calibration  curves  are  identical.  This  was  accomplished  by  applying  a 
DC  bias  to  the  output  of  one  sensor's  signal.  The  calibration  curves  of 
both  sensors  were  checked  before  and  after  each  set  of  measurements  to 
ensure  that  no  shift  had  occurred. 

The  orientation  ofthe  X-arrav  probe  is  illustrated  in  Figure  8a. 

The  probe  was  positioned  such  that  the  angle  between  the  mean  axial  velo¬ 
city  vector  and  the  sensor  was  45  degrees.  Thus,  for  all  measuring  sta¬ 
tions,  the  plane  containing  the  two  sensors  was  defined  strearawise  (s) 
and  normal  to  the  streamwise  (n)  vectors. 

The  axial  integral  length  scale  of  turbulence  was  obtained  by  ana¬ 
lyzing  the  sum  of  the  two  sensors'  outputs  with  a  correlation  function 
computer  to  acquire  the  autocorrelation  function.  The  correlation  func¬ 
tion  computer  had  a  low-cutoff  frequency  of  0.16  Hz.  From  the  correla¬ 
tion  function  compuer,  the  autocorrelation  was  recorded  with  an  x-v 
plotter.  As  expressed  by  Tenntkes  and  Lunlev^^  in  Equation  (3.3),  an 
integral  time  scale  was  calculated  by  integrating  the  autocorrelation 


curve : 
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B  =*  slope  of  King's  Law  equation, 

and  U  =  resultant  mean  velocity  =  '  !?2 

x  r 

The  single  sensor  probe  was  calibrated  before  and  after  each  set  of 
measurements  to  ensure  that  no  drift  occurred. 

The  wake  structures  due  to  three  rotor/strut  spacings  were  measured. 
On  the  47.63  cm  long  centerbody,  the  spacings  between  the  rotor  and 
strut  were  varied  from  18  percent  to  91  percent  and  182  percent  of  the 
strut  chord.  The  13  percent  and  91  percent  chord  settings  were  repeated 
with  a  shorter  26.35  cm  centerbody.  This  shorter  centerbody  with  its 
thinner  boundary  layer  produced  a  weaker  vortex  flow.  By  comparing  the 
same  rotor-to-strut  separation  distances  on  the  long  and  short  center- 
bodies,  the  measured  change  in  the  vortex  flow  strength  could  then  be 
correlated  with  the  ovserved  change  in  the  noise  spectra.  The  location 
of  the  probe  is  illustrated  in  Figure  10.  In  this  figure,  the  probe/ 
strut  distance  corresponds  to  the  rotor/strut  distance  for  which  the 
noise  spectra  were  obtained. 

Two  sets  of  measurements  were  made.  In  the  first  set,  measurements 
were  taken  along  a  90-degree  arc  bisected  by  the  wake  centerline  at  two 
radii-one  at  raid-span  of  the  strut  and  the  other  within  the  inner  wall 
boundary  layer  (8  percent  of  the  strut  span) .  Measurements  were  made 
with  and  without  the  inlet  grid.  The  second  set  of  measurements  were  to 
determine  the  wake  structure  for  all  four  struts.  This  was  accomplished 
by  conducting  a  360-degree  tangential  survey  of  the  flow.  The  surveys 
were  done  at  three  radii — 54  percent,  75  percent,  and  95  percent  of  the 
rotor  tip  radius.  Measurements  were  made  for  the  three  rotor-strut  spac¬ 
ings  on  the  long  centerbody  only.  N'o  grid  was  used  to  alter  the  inlet 


turbulence. 


Wake  Measurements. 
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The  flow  instrumentation  for  the  wake  measurements  is  shown  in 
Figure  11.  The  techniques  used  to  obtain  the  rms  values  of  the  voltages, 
the  axial  length  scales,  and  the  turbulent  energy  spectra  were  the  same 
as  that  used  for  the  inlet  turbulence  measurements. 

3. 2.2. 3  Vortex  flow.  Figure  12  shows  the  position  of  the 
X-array  probe  that  was  used  in  the  final  phase  to  measure  vortex  flow. 

As  a  result  of  the  three  dimensional  nature  of  this  flow,  turbulence 
intensities  could  not  be  determined  with  Equations  (3.1)  and  (3.2). 

These  equations  were  derived  on  the  assumption  that  the  mean  velocity 
vector  formed  a  45-degree  angle  with  both  hot  wire  sensors.  This  as¬ 
sumption  is  no  longer  valid  for  this  type  of  flow.  Consequently,  the 

[32] 

turbulence  intensities  were  determined  using  Klatt's  equations  for  an 
X-array  probe  operating  in  an  oblique  flow.  The  components  of  turbulence 
intensity  are  calculated  as  follows: 


and 
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"i<Ei  -  E^> 
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and 


/jf 

—  =  resultant  turbulence  intensity  T? 


/T 

v 

y—  =  tangential  turbulence  intensity  , 


e  *  AC  part  of  anemometer  voltage  , 


E  *  DC  part  of  anemometer  voltage  , 

2  2 

n  =  exponent  in  King’s  Law  equation:  E  =  E^  +  Bun  , 

o 

and 

Subscripts 

1,2  =  distinguish  the  sensors  1  and  2  of  the  X-array  probe. 

The  instrumentation  and  calibration  procedures  used  were  the  same  as 
those  employed  in  the  inlet  turbulence  phase  of  the  investigation.  Due 
to  the  three  dimensional  nature  of  the  flow,  the  two  sensor  probes  mea¬ 
sure  the  vector  sum  of  the  radial  and  axial  components  of  velocity  and 
turbulence  intensity.  The  tangential  components  were  not  altered. 
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3. 2. 2. 4  Error  analysis  for  hot  wire  measurements.  For  the 
data  obtained  with  the  single  and  X-array  hot  wire  probes,  the  following 
sources  of  error  may  occur.  The  magnitude  and  the  action  taken  to  reduce 
the  error  when  necessary  are  presented. 

1.  An  error  results  due  to  a  deviation  from  the  cosine  law 
resulting  from  changes  in  the  effective  cooling  velocity 
of  the  hot  wire  sensor.  This  error  was  eliminated  by 
employing  the  appropriate  correction  factor  described 

in  Reference  [18] • 

2.  An  error  results  due  to  flow  interference  due  to  probe 
geometry  on  the  heat  transfer  characteristics  of  the 
sensor.  For  the  probes  used  in  this  investigation,  these 
error  sources  were  negligible.  The  error  was  accounted 
for  during  the  probe  calibration. 

3.  Error  from  changes  in  the  heat  transfer  characteristics 
of  the  hot  wires  due  to  wire  aging,  oxidation,  and  con¬ 
tamination  can  result.  Errors  resulting  from  this 
source  were  eliminated  by  calibrating  the  probes  before, 
during,  and  after  each  experimental  run. 

4.  Errors  result  in  the  hot  wire  calibration  curves  due  to 
changes  in  the  ambient  air  temperature.  Errors  of  this 
type  were  eliminated  by  the  technique  mentioned  above 
in  Item  3. 

5.  Errors  result  from  the  spatial  resolution  of  the  probe. 

The  expected  maximum  calculated  errors  in  the  mean  velo¬ 


city  and  turbulence  data  are  estimated  to  be  ±2.0  per¬ 
cent  and  ±4.0  percent,  respectively.  The  method  used  to 
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calculate  the  magnitude  of  these  errors  followed  the 

[33] 

procedure  used  by  Anand  and  Lakshminarayana  ,  and 

[34] 

Reynolds  and  Lakshminarayana  .  Analysis  of  the  data 
indicated  that  the  actual  variation  in  the  mean  velo¬ 
city  and  turbulence  levels  were  well  within  these 
limits. 

3.2.3  Acoustic  measurements.  Measurements  of  the  noise  produced 
by  the  rotor  were  conducted  in  the  far  field  region  with  a  0.64  cm  Briiel 
and  Kjaer  condensor  microphone.  The  microphone  was  on  the  annulus 
centerline  76.2  cm  in  front  of  the  inlet.  The  microphone  signal  was 
analyzed  with  a  General  Radio  wave  analyzer  with  a  10  Hz  bandwidth  to 
yield  the  sound  pressure  spectra  and  the  relative  dB  levels  of  the  rotor 
and  strut  blade  passing  harmonics.  The  sound  pressure  spectra  were 
analyzed  over  a  range  of  0  to  5.0  kHz  and  the  output  recorded  on  a 
graphic  level  recorder.  The  relative  dB  levels  of  the  harmonic  peaks 
were  measured  by  analyzing  the  sound  pressure  at  a  given  rotor  or  strut 
blade  passing  harmonic,  then  taking  the  mean  square  average  of  the  ana¬ 
lyzer  output  voltage.  Acoustic  data  were  gathered  for  all  the  previously 
mentioned  flow  configurations  with  the  exception  of  the  inlet  turbulence 
case. 

The  acoustic  response  of  the  inlet  annulus  was  of  great  interest 
due  to  the  significant  length  of  the  annulus.  Because  size  prohibited 
the  placing  of  an  adequate  source  in  the  annulus,  the  principle  of  re¬ 
ciprocity  was  used.  The  reciprocity  principle  states  that  a  source  and 
receiver  may  exchange  positions  without  altering  the  sound  field.  Thus, 


the  receiving  microphone  was  placed  in  the  annulus  where  the  rotor  was 
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normally  located  and  a  speaker  (source)  was  positioned  in  the  anechoic 
chamber  where  the  microphone  was  normally  located. 

Calibration  of  the  inlet  annulus  was  performed  by  driving  the 
speaker  at  several  pure  tones  in  the  frequency  range  of  interest  and 
recording  the  sound  pressure  measured  by  the  microphone  in  the  annulus. 
The  procedure  was  repeated  with  the  microphone  for  chamber  calibration 
placed  in  the  chamber  with  the  speaker.  The  distance  between  the  micro¬ 
phone  and  speaker  was  kept  constant  for  both  annulus  and  chamber  measure¬ 
ments.  The  annulus  response  was  calculated  by  taking  the  ratio  of  sound 
pressure  response  in  the  annulus  to  the  sound  pressure  response  in  the 
chamber  as  given  by  the  following  equation: 

P  P  P 

Annulus  Response  (dB)  =  20  log  ~  -  20  log  — -  =  20  log  rp-  ,  (3.8) 

r  r  r 

O  o  1 

-5  2 

where  P  =  reference  sound  pressure  2  x  10  N/m  , 
o 

=  sound  pressure  when  microphone  is  in  the  annulus, 
and  =  sound  pressure  when  microphone  is  in  the  chamber. 

The  basic  configurations  shown  in  Figures  5,  6,  and  7  were  tested 
with  and  without  flow.  Results  of  these  tests  indicate  that  the  con¬ 
figuration  changes  had  little  effect  on  the  acoustic  response  of  the 
annulus.  It  was  also  found  chat  presence  of  flow  did  not  significantly 
alter  the  annulus  response,  which  was  due  to  the  low  Mach  number  of  the 
flow.  The  acoustic  response  is  shown  in  Figure  13.  The  peak  at  3.8  kHz 
corresponds  to  the  first  radial  mode  of  the  annulus — roughly  a  wavelength 
of  twice  the  size  of  the  annulus.  Since  the  measured  spectra  end  at  a 
frequency  of  5.0  kHz,  the  peak  of  6.3  kHz,  which  corresponds  to  a  higher 
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annulus  mode,  is  of  no  importance  to  this  investigation.  Finally,  the 
sound  pressure  spectra  illustrated  in  the  following  chapter  were  not 
corrected  to  remove  the  annulus  effect. 

3.2.4  Error  analysis  for  acoustic  measurements.  The  sources  of 
error  which  may  occur  in  the  acoustic  data  are  listed  below.  The  magni¬ 
tude  of  each  error  was  calculated  and  is  presented  below: 

1.  Microphone  response  error  results  due  to  changing  ambient 
air  temperature.  The  temperature  coefficient  for  the  con- 
densor  microphone  was  ±0.01  dB/C  degrees  between  20  degrees 
C  to  30  degrees  C.  This  error  was  negligibly  small. 

2.  Error  due  to  ambient  pressure  changes  result.  This  error 
was  less  than  0.1  dB  for  a  10  percent  change  in  atmospheric 
pressure.  Errors  of  this  type  were,  therefore,  negligibly 
small. 

3.  Errors  result  in  acoustic  measurements  due  to  humidity 
changes.  Magnitude  of  this  error  was  ±0.1  dB  and,  thus, 
was  negligibly  small. 

4.  Errors  result  from  the  finite  sampling  time  of  the 
spectrum  analyzer.  The  magnitude  of  this  error  was 
±1.0  dB  at  blade  passing  frequency  and  its  multiples. 

5.  Errors  result  from  contamination  of  the  sound  spectrum 
by  background  noise.  This  error  was  negligibly  small 
at  frequencies  above  200  Hz,  based  on  measured  signal- 


to-noise  levels. 


48 


CHAPTER  IV 

INTERPRETATION  OF  EXPERIMENTAL  RESULTS 

A  summary  of  the  aerodynamic  and  acoustic  measurements  for  each  of 
the  three  phases  of  this  investigation  are  shown  in  Tables  3,  4,  and  5. 

In  each  table,  information  on  probe  location,  annulus  configuration  and 
inlet  turbulence  modification  is  presented.  Also  included  are  the  free 
stream  values  of  mean  axial  velocity,  axial  and  tangential  components  of 
turbulence  intensity,  and  axial  length  scale  of  turbulence  at  mid  radius. 
When  the  struts  are  present,  the  above  values  at  the  wake  centerline  are 
also  shown.  All  tests  were  done  with  a  17-bladed  rotor  operating  at 
5440  rpm  and  a  flow  coefficient  of  <j>  =  0.75.  A  detailed  description  of 
the  aerodynamic  and  acoustic  data  follows. 

4. 1  Inflow  Turbulence  Characteristics 

The  results  of  the  mean  velocity  profile  measurements  are  shown  in 
Figures  14  and  15.  In  Figure  14,  the  axial  velocities  at  stations  3  and 
4  are  nondimensionalized  with  respect  to  the  axial  velocity  at  the  annu¬ 
lus  centerline  X  =  90  degrees).  At  station  4  (17.6  cm  upstream  of  inlet), 
this  velocity  is  =  1.79  m/sec.  The  axial  velocity  corresponding  to 

station  3  (10.3  cm  upstream  of  inlet)  is  U  =4.04  m/sec.  The  increase 

c 

of  the  velocity  ratio  as  the  probe  moves  from  X  =  90  degrees  to  X  = 

0  degrees  indicates  that  the  cross  sectional  area  is  decreasing.  The 
significance  of  this  variation  of  the  cross  sectional  area  will  be  dis¬ 
cussed  later. 

The  axial  mean  velocity  profiles  at  stations  1  and  2  are  shown  in 
Figure  15.  The  free  stream  velocities  at  station  1  (6.7  cm  upstream  of 
rotor)  and  station  2  (31.4  cm  upstream  of  rotor)  are  35.8  m/sec  and 
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28.4  m/sec,  respectively.  No  boundary  layer  is  observed  in  the  center 

body  region  at  station  1,  since  the  centerbody  is  rotating.  Also  shown 

in  Figure  15  is  the  velocity  profile  for  the  case  of  a  fully  developed 

[41 

boundary  layer  measured  by  Moiseev  et  al.  .  In  this  configuration, 
the  rotating  centerbody  was  replaced  with  a  stationary  centerbody 
47.63  cm  long.  The  resulting  thicker  boundary  layers  on  the  centerbody 
and  annulus  walls  are  evident  in  Figure  15. 

The  variations  of  the  axial  and  tangential  components  of  turbulence 
intensity  as  a  function  of  probe  immersion  are  shown  in  Figures  16,  17, 

18,  and  19.  Starting  upstream  of  the  inlet  at  s.ation  4,  the  initial 
turbulence  was  found  to  be  weakly  nonisotropic. 

For  the  downstream  stations  3,  2,  and  1,  the  same  degree  of  non¬ 
isotropy  was  found.  The  tangential  intensity  was  slightly  higher  than 
the  axial  component.  The  magnitude  of  the  axial  turbulence  intensity  at 
the  inlet  is  seen  to  decrease  from  1.7  percent  to  1.0  percent  at  sta¬ 
tion  1.  The  corresponding  change  in  the  tangential  component  of  turbu¬ 
lence  was  from  an  inlet  value  of  2.3  percent  to  a  value  of  1.3  percent 
at  station  1.  Finally,  the  decrease  in  both  axial  and  tangential  tur¬ 
bulence  intensities,  seen  in  Figures  16  and  17,  as  the  probe  angle  X 
decreases  is  the  result  of  reduced  cross  sectional  area  discussed  earlier. 

Also  shown  in  Figures  18  and  19  are  the  turbulence  intensity  pro¬ 
files  for  the  case  of  a  stationary,  47.63  cm  long  centerbody.  Data  were 
taken  at  station  1  with  the  long-centerbody  replacing  the  short  rotating 

spinner.  Both  the  present  sot  of  u.e . vrr.ent-,  as  well  as  those  done  by 

[41 

Moiseev  et  al.  ,  are  presented.  What  is  evident  in  these  figures  is 
the  increase  in  both  components  of  turbulence  intensity  in  the  boundary 
layer  regions  (centerbody  and  annulus  walls)  and  the  free  stream  region. 
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The  discrepancy  between  the  present  data  and  that  obtained  by  Moiseev 
[4] 

et  al.  is  believed  to  be  due  to  the  modification  made  to  the  anechoic 

chamber  air  inlet,  which  was  discussed  earlier  in  Chapter  III.  This 

modification  altered  the  structure  of  the  atmospheric  turbulence  from 

[41 

that  which  Moiseev  et  al.  measured. 

To  verify  whether  the  trends  exhibited  by  the  axial  and  tangential 

components  of  turbulence  intensity  while  passing  through  a  contraction 

[351 

are  correct,  the  data  are  compared  to  the  theory  by  Ribner  and  Tucker 

~2  ~ 2 

The  behavior  of  turbulent  velocities  u  and  v  in  an  axisymmetric  con¬ 
traction  were  determined  by  the  following  equations: 


and 


tanh 


(4.1) 


(1  -  e) 


3/2 


tanh 


-1 


(4.2) 


where  u,,  u  =  mean  square  of  the  axial  turbulent  velocity  fluctuation 
A  D 

upstream  and  downstream  of  the  contraction, 

~~2  ~~2 

v.,  v_  =  mean  square  of  the  tangential  turbulent  velocity 
A  D 

fluctuation  upstream  and  downstream  of  the  contraction, 

8,^  =  axial  velocity  upstream  of  the  contraction  divided  by 
axial  velocity  downstream  of  the  contraction, 

8-2  =  width  of  stream  before  the  contraction  divided  by  width 
after  the  contraction, 

2  9 

and  e  =  contraction  parameter  £)• 


A  comparison  of  experimental  measurements  with  the  theory  is  shown  in 
Figure  20.  Results  from  expressions  in  Equations  (4.1)  and  (4.2)  agree 
closely  with  the  experimental  data. 

The  effect  of  a  grid  placed  at  the  inlet  on  the  turbulence  is  shown 
in  Figure  21.  The  axial  and  tangential  components  of  turbulence  inten¬ 
sity  are  plotted  for  stations  1  and  2,  as  well  as  the  data  obtained  with 

[4] 

the  long  stationary  centerbody  by  Moiseev  et  al.  .  By  comparing  the 
grid  and  no  grid  cases,  it  is  seen  that  the  presence  of  the  grid  in¬ 
creases  the  axial  intensities  by  a  factor  of  six  and  the  tangential 

intensities  by  a  factor  of  three  in  the  vicinity  of  the  grid  (station  2). 

~2  ~2 

This  results  in  a  more  isotropic  flow  as  indicated  by  the  ratio  v  /u  at 

station  2  (13.6  grid  mesh  sizes  downstream)  being  0.72,  and  at  station  1 

(2.22  grid  mesh  sizes  downstream)  being  0.84.  In  contrast  to  this,  the 

~2  ~2 

long  centerbody  with  grid  shows  a  degree  of  nonisotropy  of  v  /u  -2.89. 
Again,  this  nonisotropic  flow  is  the  result  of  a  fully  developed  boundary 
layer  present  in  the  annulus. 

The  measured  autocorrelation  curves  of  the  inlet  turbulence  are 
illustrated  in  Figures  22,  23,  and  24.  Using  the  method  described  in 
Chapter  III,  the  length  scales  were  calculated  and  are  presented  in 
Table  6.  It  is  evident  from  this  data  that  the  length  scales  upstream  of 
the  inlet  were  on  the  order  of  the  annulus  diameter  (17.50  cm).  The 
turbulent  length  scales  were  drastically  increased  as  the  eddies  were 
contracted  from  stations  4  to  1.  The  eddies  stretched  by  a  factor  of 
10.  Also  apparent  in  the  data  was  a  slight  increase  in  the  length  scales 
in  the  region  near  the  annulus  wall.  This  eddy  stretching  was  the  result 
of  boundary  layer  development  on  the  wall. 
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Figure  20.  Comparison  of  Experimental  Data  to  Ribner  and  Tucker  Theory 
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Figure  21.  Axial  and  Tangential  Intensities  Downstream  of  inlet 
With  Grid  Installed  (Stations  1  and  2) . 
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Figure  22.  Auto-Correlation  Curves  for  Flow  Upstream  of  the  Inlet 
(Stations  3  and  4) . 
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Auto-Correlation  Curves  for  Station  2,  With  and  Without  th 
Grid  Installed. 


WITHOUT  GRID 


WITH  GRID 


Figure  24. 


Auto-Correlation  Curves  for  Station  1,  With  and  Without  tho 
Grid  Installed. 
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Based  on  the  measurements  made  herein,  a  conceptual  illustration  of 
the  elongation  of  turbulent  eddies  is  shown  in  Figure  25. 

In  Table  6,  the  axial  length  scales  at  5ta,.':"s  1  and  2  are  pre¬ 
sented  for  the  case  of  the  grid  installed.  It  is  apparent  that  the  grid 
reduced  the  length  scales  by  tenfold.  This  data  supports  the  concept 
that  the  grid  tends  to  make  the  turbulence  more  isotropic  by  drastically 
reducing  the  length  scale  of  the  eddies  resulting  from  the  contraction. 

4.1.1  Comparison  of  data  to  previous  investigations.  A  comparison 
of  inflow  turbulence  data  reported  here  with  the  data  obtained  by  other 
investigators  is  shown  in  Table  7.  Each  investigation  is  classified  on 
the  basis  of  the  facility,  configuration,  data  obtained,  and  other  rele¬ 
vant  parameters.  Also  listed  for  each  investigation  are  the  free  stream 
values  of  both  axial  and  tangential  turbulence  intensity,  axial  length 
scale  of  turbulence  in  the  free  stream  velocity,  flow  coefficient,  and 
the  ratio  of  tip-to-axial  Mach  numbers. 

In  the  present  investigation,  the  structure  of  turbulence  is  seen 
to  be  weakly  nonisotropic  upstream  of  the  inlet.  The  tangential  compo¬ 
nent  of  turbulence  intensity  was  found  to  be  50  percent  greater  than 
the  axial  intensity.  Measurements  of  the  axial  length  scale  indicate 
that  turbulent  eddies  have  a  significant  size  prior  to  distortion  by  the 
contracting  inlet  flow.  At  present,  no  prior  investigations  of  the  flow 
field  upstream  of  an  inlet  are  available  for  comparison  with  this  data. 
In  the  region  between  the  inlet  and  the  cento. ^udv,  flow  contraction  re¬ 
sults  in  a  decrease  in  magnitude  of  both  components  of  turbulence  inten¬ 
sity.  A  greater  decrease  in  the  tangential  Intensity  occurs  as  the 
turbulent  eddy  is  stretched. 
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Comparing  these  data  to  those  of  the  study  conducted  by  Bekofsky 
f  36 1 

et  al.  a  discrepancy  in  the  relative  magnitude  of  the  turbulence 

intensities  emerges.  In  the  two  types  of  inflow  turbulence  measured  by 
Bekofsky  et  al.  the  axial  components  of  turbulence  intensity  were 

found  to  be  greater  than  the  tangential  components.  This  result  can  be 
explained  by  considering  the  generation  of  the  inflow  turbulence.  Inflow 
turbulence  in  the  first  part  of  the  study  was  generated  by  drawing  air 
through  the  porous  ceiling,  floor,  and  walls  of  the  anechoic  chamber. 
Turbulence  intensity  levels  were  measured  at  1.7  percent  and  1.2  percent 
for  the  axial  and  tangential  components.  The  second  inflow  turbulence 
investigation  closed  all  air  ducts  to  the  walls,  ceiling,  and  floor. 

Air  was  admitted  only  through  doors  in  the  wall  opposite  the  fan  inlet. 
The  result  was  an  increase  in  the  tangential  turbulence  intensity  from 
1.2  percent  to  1.6  percent  with  no  increase  occurring  in  the  axial  in¬ 
tensity.  When  this  is  taken  into  consideration  along  with  the  longer 
axial  length  scales,  it  is  evident  that  a  larger  scale  of  turbulence  is 
being  ingested  by  the  inlet.  Thus,  a  trend  is  indicated  that,  with 
larger  room  eddies  present,  a  higher  tangential  intensity  is  encountered. 
Based  on  this  idea,  a  difference  in  the  size  of  the  room  turbulence  could 
account  for  the  discrepancy  between  Bekofsky  et  al.'s  measurements  and 
those  of  this  investigation. 

The  largest  discrepancy  between  the  two  components  of  turbulence 

f  3  T  1 

intensity  is  that  measured  by  Shaw,  Woodward,  Glasner,  and  Daetoli 
In  their  investigation,  the  tangential  turbulence  intensity  was  ten  times 
larger  than  the  axial  intensity.  Such  a  large  difference  between  compo¬ 
nents  could  be  explained  by  the  subsequent  reasoning.  First,  a  large 
cover  for  the  probe  actuator  was  mounted  close  (  30  cm)  to  the  lip  of 
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the  inlet.  Disturbances  shed  from  the  probe  cover  could  be  ingested 

into  the  inlet;  and  second,  the  inlet  was  only  two  diameters  above  the 

r  10 1 

floor  and  one  diameter  from  the  side  wall.  Work  by  HodderL 
Bekofkse1  ,  and  others  have  shown  that  a  strong  vortex  pair  forms  in¬ 
side  the  annulus  when  the  inlet  is  within  one  to  two  diameters  of  the 
ground  plane.  This  information,  plus  the  magnitude  of  the  tangential 
intensity,  strongly  suggests  the  presence  of  an  ingested  ground  vortex. 

[391 

Shaw  indicated  that  these  areas  had  not  been  investigated. 

The  final  class  of  measurements  are  those  taken  in  the  annular 

region  between  the  centerbody  and  wall.  In  this  class,  measurements  from 

the  present  investigation  are  compared  to  data  from  studies  by  Hanson 
r  1  ’  r '  i 

Robbins  •  ,  a. .a  .'lOisecv  -  . 1  p  and  19. 

data  from  the  present  investigation  indicated  that  the  tangential  compo¬ 
nent  of  turbulence  intensity  was  found  to  be  14  percent  larger  than  the 
axial  component.  The  10  percent  decrease  in  both  components-  occurs  as 
a  result  of  contraction.  Finally,  the  contraction  results  in  a  25  per¬ 
cent  increase  in  axial  length  scale. 

One  of  the  earliest  investigations  of  turbulence  in  the  annulus 
region  was  conducted  by  Hanson^^.  Hanson  measured  the  axial  and  tan¬ 
gential  intensities  to  be  0.9  percent  and  2.5  percent  of  the  mean  flow, 
respectively.  The  axial  length  scale  of  this  turbulence  was  found  to  be 
500  cm  long.  Such  a  high  tangential  intensity  and  a  long  length  scale 
can  be  attributed  to  the  ingestion  of  atmospheric  turbulence.  The 
upper  limit  of  the  characteristic  size  of  a  turbulent  eddy  in  Hanson's 
investigation  is  on  the  order  of  the  thickness  of  the  planetary  boundary 
layer.  Therefore,  no  quantitative  comparison  can  be  made  with  the  pre¬ 


sent  results. 
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[3] 

Robbins  investigated  turbulence  in  the  annulus  region  17.78  cm 

downstream  of  the  inlet.  In  this  region,  the  tangential  intensity  was 

found  to  be  30  percent  higher  than  the  axial  intensity.  This  trend  was 

also  measured  in  the  present  investigation,  but  at  lower  levels  of  in- 

[  31 

tensity.  The  higher  turbulence  levels  measured  in  Reference  are  the 

result  of  the  higher  flow  coefficient  at  which  the  rotor  was  operated. 

[3] 

The  flow  coefficient  used  in  Reference  was  double  the  flow  coefficient 
used  in  the  present  investigation.  Finally,  since  the  anechoic  enclosure 
used  by  Robbins  is  similar  in  size  to  this  investigation's  anechoic 
chamber,  the  room  turbulence  was  believed  to  be  the  same. 

[41 

The  final  study  shown  in  Table  7  is  that  by  Moiseev  et  al. 

Moiseev  studied  the  effect  of  boundary  layer  turbulence  on  the  spectrum 
of  rotor  noise.  Data  on  turbulence  levels  indicated  that  the  axial  in¬ 
tensity  was  2.5  percent  of  the  mean  flow,  and  the  tangential  intensity 
was  0.5  percent  of  the  mean  flow  at  the  center  of  the  annulus.  This  in¬ 
crease  in  the  axial  intensity  can  be  accounted  for  by  the  development 

* 

of  boundary  layers  on  the  annulus  walls.  A  comparison  of  Moiseev  etal.'s 
measured  axial  length  scale  of  turbulence  to  the  axial  length  scales 
shown  in  Table  6  indicates  that  the  presence  of  boundary  layers  also 
reduces  the  size  of  ingested  turbulent  eddies.  Lastly,  Moiseev  et  al.'s 
explanation  that  the  shorter  length  scales  they  measured  were  the  result 
of  eddies  generated  in  the  boundary  layer  is  verified  by  the  data  in 
Table  6.  Since  only  one  length  scale  was  found  at  each  radius  of  each 
upstream  station,  it  can  be  concluded  that  the  smaller  eddies  are  not 
part  of  the  inflow  turbulence.  Therefore,  it  follows  that  the  only 
source  of  these  short  eddies  can  be  the  boundary  layer. 


/  *4 


4.2  Strut-Generated  Disturbances 

In  this  section,  the  results  of  the  strut  wake  dominated  flow  are 
presented.  The  various  test  configurations  and  aero-acoustic  data  have 
been  summarized  in  Table  4.  The  measured  mean  velocity  profiles,  axial 
length  scales,  turbulence  intensities,  and  noise  spectra  are  discussed 
in  detail  in  the  following. 

4.2.1  Aerodynamic  measurements  of  the  strut  wake  structure 

4. 2. 1.1  Mean  velocity  profiles.  Results  of  the  wake  mea¬ 
surements  are  shown  in  Figures  26  through  30.  The  velocity  component 
U  was  nondimensionalized  by  the  free  stream  velocity  and  plotted  as 
a  function  of  the  normalized  tangential  probe  location  Y.  The  tangential 
probe  location  Y  was  defined  by  the  following  equation: 

Y  =  —  .  (4.3) 

In  the  above  equation,  r  is  the  radial  location  of  the  probe,  9  is  the 
tangential  probe  location  (in  radians),  and  S  is  the  local  rotor  blade 
spacing.  By  normalizing  the  tangential  probe  location  in  this  manner, 
the  difference  in  two  values  of  Y  can  be  related  to  the  local  rotor 
blade  spacing. 

Figure  26  illustrates  the  decay  of  the  strut  wake  at  a  radius  of 
r/r ^  =  0.75.  The  symmetry  of  the  wake  was  expected  since  the  strut  pro¬ 
file  (NACA  0021)  was  symmetric  and  at  zero  incidence  to  the  flow.  The 
velocity  defect  A,  defined  by  Equation  (4,4)  below,  was  observed  to  de¬ 
crease  from  a  value  of  0.32  at  Z  =  0.18  to  a  value  of  0.06  at  Z  =  1.82. 
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Figure  26.  Mean  Velocity  Profiles  at  r/rc  =  0.75  as  a  Func 
of  Rotor/Strut  Spacing  (Z) ,  No  Grid  Installed. 
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Mean  Velocity  Profiles  at  r/rc  =  0.54  as  a  Function 
of  Rotor/Strut  Spacing  (Z) ,  No  Grid  Installed. 
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Figure  30.  Mean  Velocity  Profiles  at  r/rt  =  0.54  as  a  Function 
of  Rotor/Strut  Spacing  (Z)  ,  Grid  Installed. 
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Concurrent  with  the  decay  of  the  velocity  defect,  the  wake  width  (L  ) 

w 

was  seen  to  increase  from  a  value  of  L  3  0,24  at  Z  =  0.18  to  L  =  0.57 

w  w 

at  Z  =  1.82.  Figure  27  illustrates  that  the  wake  velocity  profiles  were 
not  significantly  altered  when  the  grid  was  installed.  The  velocity 
defect  and  wake  width  were  similar  for  both  the  grid  and  no  grid  cases. 

At  this  radius,  the  length  of  the  centerbody  did  not  affect  the  wake 
profiles. 

Measurements  from  the  present  investigation  of  the  velocity  defect 

[4i] 

were  plotted  against  data  from  the  study  by  Lakshminarayana  and  Davino 

in  Figure  23.  A  comparison  ira;ic„tes  that  the  trend  shewn  by  the  data 

of  Lakshminarayana  and  Davino  was  closely  matched  by  that  of  the  present 

investigation.  The  higher  velocity  defect  close  to  the  trailing  oi::. 

of  the  strut  was  the  result  of  the  low  strut  solidity. 

The  wake  profiles  at  a  radius  of  r/r  =  0.54.  which  is  very  near 

the  centerbody  wall,  are  shown  in  Figures  29  and  30  for  the  erid  and  no 

grid  cases.  Again,  the  profiles  are  symmetric  except  for  the  rotor/ 

strut  spacings  Z  =  0.91  on  the  26.35  cm  centerbody  and  Z  =  1.32  on  the 

47.63  cm  centerbody.  For  both  of  these  configurations,  the  boundary 

layer  at  the  strut  leading  edge  is  on  the  order  of  0.3  cm  thick.  As 
[42] 

reported  by  Barber  ,  the  thin  boundary  layer  permits  low  momentum 
flow  to  collect  at  the  trailing  edge  of  the  root  section  of  the  strut. 
Since  this  fluid  cannot  overcome  the  adverse  pressure  gradient  develop¬ 
ing  on  the  strut  surface,  flow  separation  is  likely  to  occur. 

The  velocity  defect  and  wake  width  were  calculated  for  these  pro¬ 
files  and  presented  in  Table  4.  The  velocity  defect  of  the  wake  was 
measured  to  be  20  percent  higher  than  those  at  the  strut  midspan.  This 
increase  was  attributed  to  the  contribution  to  the  total  velocitv  vector 


r 
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by  the  radial  component  of  velocity.  The  radial  or  spanwise  velocity 
generated  by  vortex  flow  was  responsible  for  the  higher  velocities  near 
the  wake  edge.  Again,  use  of  the  grid  altered  the  wake  decay  character¬ 
istics  only  slightly,  as  shown  in  Figure  30. 

Unlike  the  velocity  profiles  at  the  strut  midspan,  the  length  of 
the  centerbody  significantly  alters  the  velocity  profiles  at  r/r  =  0.51. 
As  stated  earlier,  the  size  of  the  boundary  layer  is  one  of  the  major 
factors  that  controls  the  vortex  flow  strength.  Thus,  shortening  the 
centerbody  results  in  a  thinner  boundary  layer  and  a  weaker  vortex  flow. 
This  was  seen  in  Figure  29  between  the  two  centerbodies  for  the  case  of 
Z  =  0.18  and  0.91  a.;  a  '  .•ere.-’ ~  '  -'n  the  ve1  •"eity  gradier."  between  probe 
locations  Y  =  ±1.0  and  ±0.5.  This  trend  was  also  exhibited  for  the 
case  of  the  grid  being  installed  with  the  exception  of  the  axial  spacing 
Z  =  C. 18. 

Based  on  the  velocity  gradients  in  Figures  28  and  29,  a  calculation 
was  made  of  the  approximate  strength  of  the  vortex.  The  local  vortex 
strength  (£)  is  defined  by  Equation  (4.5): 


r  3  0  3  r 


(4.5) 


The  velocity  component  measured  by  the  probe  is  defined  by  the  following 
equation 

U2  =  u2  +  u2  .  (4.6) 

rx  r  x 

By  taking  the  derivative  with  respect  to  of  both  sides  of  Equation 


(4.6)  and  rearranging  terms,  F.quation  (4.7)  was  obtained: 
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Substitution  of  Equation  (4.7)  into  Equation  (4.5)  yields  the  following 
equation. 
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If  Equation  (4.8)  is  evaluated  along  a  line  through  the  vortex  core,  the 
last  term  is  small  and  can  be  neglected.  Of  the  two  remaining  terms,  it 
was  assumed  that  the  first  term  was  stronger  than  the  second  inside  the 

vortex  flow  regio...  T'.»« _ '  •  •-- -  4 

by  Equation  (4.9): 
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rx 


(  -.9) 


The  calculated  vortex  strengths  are  compared  in  Figure  31  to  th. 

[431 

vortex  strength  predicted  using  a  theory  due  to  Hawthorne  .  The 
strength  of  the  vortex  was  normalized  with  respect  to  the  strongest  vor¬ 
tex  case  (47.63  cm  centerbodv,  Z  =  0.13).  The  boundary  layer  thicknesses 
were  normalized  with  respect  to  die  thickest  boundary  later.  As  illus¬ 
trated  in  Figure  31,  the  trend  exhibited  by  the  calculated  vortex  strengti 
for  each  configuration  agrees  well  with  theory. 


red  tur- 
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4. 2. 1.2  Turbulence  intensity  profiles.  The  neasu 
bulence  profiles  of  the  strut  are  shown  in  Figure  32  for  r.'r 
In  Figure  32,  the  wake  centerline  turbulence  intensitv  at  Z  = 
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Figure  31.  Comparison  of  Predicted  Vortex  Strength  to  Experimentally 
Calculated  Vortex  Strength. 
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approximately  38  percent  of  the  peak  intensity  at  Z  ■  0.18.  This  decay 
rate,  compared  to  the  rate  of  decay  of  the  velocity  defect,  indicates 
that  the  wake  turbulence  decays  20  percent  slower  than  the  velocity  de¬ 
fect  for  this  configuration.  The  length  of  the  centerbody  did  not  alter 
the  turbulence  intensities  for  a  rotor/strut  spacing  of  Z  »  0.18.  The 
lower  turbulence  levels  measured  on  the  long  centerbody  for  Z  «  0.91 
when  compared  to  the  same  spacing  on  the  short  centerbody  are  the  result 
of  the  strong  vortex  present  on  the  long  centerbody.  The  effect  of  grid 
generated  turbulence  on  the  wake  turbulence  profiles  is  shown  in  Fig¬ 
ure  33.  Installation  of  the  grid  increased  the  free  stream  turbulence 
intensities  from  2  percent  to  5  percent.  A  14  percent  increase  in  the 
intensity  levels  at  the  wake  centerline  was  also  measured.  A  comparison 
of  the  turbulence  levels  at  the  wake  centerline  for  the  Z  *  0.18  and 
0.91  spacings  on  the  26.35  cm  centerbody  indicates  that  the  higher  free 
stream  turbulence  results  in  a  faster  decay  of  wake  generated  turbulence. 

Illustrated  in  Figure  34  are  the  strut  turbulence  profiles  at  a 
radius  of  r/rt  *  0.54  with  no  grid  installed.  The  appearance  of  the 
peaks  on  either  side  of  the  strut  wake  peak  were  the  result  of  strut 
generated  vortices.  The  turbulence  intensity  of  these  vortices  was  mea¬ 
sured  to  be  12  percent  of  the  local  free  stream  flow  velocity  for 
Z  =  0.18  for  both  centerbodies.  The  measured  turbulence  intensity  at 
the  wake  centerline  was  slightly  higher  at  13  percent.  Movement  down¬ 
stream  to  Z  -  0.91  resulted  in  a  25  percent  decay  of  the  wake.  The 
effect  of  installing  the  grid  on  the  turbulence  profiles  is  shown  in 
Figure  35.  With  the  grid  installed,  the  turbulence  intensity  increased 
by  9  percent.  The  wake  centerline  turbulence  levels  decayed  twice  as 
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fast  as  those  values  for  the  no  grid  case.  This  decay  rate  also  applied 
to  the  intensities  in  the  vortex  region. 

Comparing  Figure  34  with  the  mean  velocity  profiles  in  Figure  29, 
it  is  clear  that  the  core  of  the  vortex  region  is  located  near  Y  -  ±1.5, 
where  the  velocity  was  minimum  and  the  turbulence  intensity  was  maximum. 
The  edge  of  the  vortex  was  located  at  approximately  Y  =  ±0.5,  where  the 
velocity  was  maximum  and  the  turbulence  intensity  was  minimum. 

The  wake  and  vortex  regions  coexist  in  the  centerbody  wall  region, 
thus  resulting  in  a  complex  flow  field  (both  random  and  periodic)  into 
the  rotor.  This  complex  flow  field  should  contribute  not  only  to  the 
pure  tone  noise,  but  also  to  the  broadband  noise  of  the  rotor. 

4. 2. 1.3  Axial  length  scales.  The  axial  length  scales  of 
turbulence  were  measured  at  the  wake  center  and  in  the  free  stream. 
Typical  autocorrelation  curves  at  these  positions  are  shown  in  Figures 
36  through  39  for  the  various  configurations.  Analyses  of  the  data 
summarized  in  Table  4  indicate  the  presence  of  two  axial  length  scales 
in  the  strut  wake.  The  first  was  due  to  room  turbulence  present  in  the 
anechoic  chamber.  The  presence  of  the  four  struts  increased  the  length 
scale  of  the  eddies  due  to  the  room  turbulence  by  38  percent  when  com¬ 
pared  to  the  no-strut  case  (natual  boundary  layer) .  The  wakes  of  the 
struts  stretched  these  eddies  as  additional  13  percent.  Installation  of 
the  grid  effectively  reduced  the  size  of  these  room  eddies. 

The  second  length  scale  present  in  the  strut  wake  was  that  of  the 
boundary  layer  turbulence  shed  from  the  strut.  The  length  scale  of 
these  eddies  was  on  the  order  of  15  cm.  Measurements  in  the  strut  bound¬ 
ary  layer,  0.64  cm  upstream  of  the  trailing  edge,  verified  the  presence 
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Figure  36.  Auto-Correlation  Curves  for  Strut  Wake  Measurements  at 
r/r  -  0.75,  No  Grid  Installed. 
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Figure  37.  Auto-Correlation  Curves  for  Strut  Wake  Measurements  at 
r/rt  -  0.75,  Grid  Installed. 
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Figure  38.  Auto-Correlation  Curves  for  Strut  Wake  Measurements  at 
r/r  *  0.54,  No  Grid  Installed. 
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of  the  short  length  scale  along  with  length  scales  of  15.0  cm  due  to 
room  turbulence.  The  axial  length  scale  of  the  room  turbulence  entering 
the  strut  boundary  layer  apparently  was  not  significantly  altered  as  it 
moved  downstream. 

The  axial  length  scales  measured  in  the  centerbody  boundary  layer 
were  generally  longer  than  the  length  scales  at  mid  span,  but  no  clear 
difference  appeared  between  the  length  scales  of  the  free  stream  region 
and  wake  center.  This  was  to  be  expected,  since  strong  vortices  were 
present  in  this  region.  Again,  the  grid  greatly  reduced  the  axial  length 
scale  of  the  turbulence. 

4.2.2  Acoustic  data  and  interpretation.  The  spectrum  of  background 
noise  was  measured  with  the  rotor  removed  and  the  auxiliary  fan  running 
at  its  test  speed.  The  background  noise  level  was  found  to  be  10  dB 
below  the  rotor  noise  spectrum  and,  therefore,  the  signal-to-noise  ratio 
was  considered  acceptable.  The  directivity  pattern  at  blade  passing 
frequency  for  the  17-bladed  rotor  was  also  measured  with  the  microphone 
located  at  a  radial  position  76.2  cm  upstream  of  the  inlet  (Figure  4). 

The  results  are  shown  in  Figure  40.  Since  no  lobed  pattern  was  mea¬ 
sured,  the  sound  pressure  levels  (SPL)  measured  along  the  annulus  center- 
line  were  considered  representative  for  all  angles. 

4. 2. 2.1  Sound  spectra  data.  Sound  spectra  measured  for  the 
47.63  cm  centerbody  with  and  without  a  grid  are  shown  in  Figures  41  and 
42.  With  no  struts  present,  the  first,  second,  and  third  harmonics  of 
blade  passing  frequency  (BPF  «  1541  Hz)  were  measur’d  at  levels  of  92  dB, 
78  dB,  and  74  dB,  respectively.  Installation  of  the  four  struts  at  the 


greatest  axial  spacing  of  Z  *  1.82  resulted  in  a  slight  (2  dB)  increase 
in  the  first  harmonic  with  no  increase  being  measured  for  the  second  and 
third  harmonics.  The  addition  of  the  struts  also  produced  peaks  at  the 
first  three  harmonics  of  the  strut  passing  frequency  (SPF  «  363  Hz). 

The  SPL  of  these  peaks  was  74  dB.  Movement  of  the  struts  to  the  position 
Z  ■  0.91  resulted  in  no  noticeable  change  in  the  first  and  third  har¬ 
monics  of  BPF.  Decreasing  the  rotor-to-strut  spacing  resulted  in  a  4  dB 
increase  in  the  second  BPF  and  a  3  dB  increase  in  the  first  harmonic  of 
SPF.  At  the  Z  -  0.18  spacing,  the  first  and  second  harmonics  of  BPF  did 
not  change,  but  the  third  harmonic  increased  by  5  dB.  These  results 
seem  to  indicate  that  the  strut  wake  has  very  little  effect  on  the  noise 
generation  in  this  particular  case.  The  dominant  noise  source  is  still 
the  inlet  turbulence.  The  second  harmonic  of  SPF  shows  a  3  dB  increase 
at  this  spacing,  while  the  first  and  third  harmonics  were  constant.  The 
broad  peak  centered  at  a  frequency  of  1.8  kHz  was  the  result  of  a  blade 
vibration. 

The  effects  of  the  grid  on  the  rotor  noise  spectra  are  shown  in 
Figure  42.  Two  results  are  immediately  apparent:  the  first  was  the  de¬ 
crease  in  number  and  magnitude  of  the  BPF  and  SPF  harmonics,  and  the 
second  was  the  broadening  of  the  peak  at  the  first  BPF  of  1541  Hz.  Be¬ 
ginning  with  the  no  strut  case,  the  levels  of  the  first  through  third 
harmonics  of  BPF  were  81  dB,  73  dB,  and  73  dB,  respectively.  Thus,  the 
grid  reduced  the  first  BPF  harmonic  by  approximately  10  dB  and  the  second 
harmonic  by  5  dB.  Addition  of  the  struts  at  an  axial  distance  of 
Z  -  1.82  resulted  in  only  a  2  dB  increase  in  the  first  BPF  and  no  increase 
in  the  second  and  third  harmonics.  No  peaks  were  measured  above  the 

broadband  level  for  the  strut  passing  frequencies.  This  was  interpreted 
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again  as  a  case  dominated  by  inlet  turbulence.  Movement  of  the  struts 
to  Z  *  0.91  resulted  in  a  dramatic  increase  in  the  first  harmonic  of 
BPF  to  94  dB.  Increases  of  5  dB  and  2  dB  were  also  measured  for  the 
second  and  third  harmonics  of  BPF.  At  this  spacing,  the  first  and 
second  harmonics  of  SPF  had  levels  of  75  dB.  The  close  spacing  of 
Z  “  0.18  results  in  a  decrease  in  the  level  of  the  first  harmonic  of 
BPF  to  83  dB.  The  SPL  of  the  second  and  third  harmonics  increases  to 
85  dB  and  78  dB,  respectively.  No  change  was  noticed  in  the  first  and 
third  harmonics  of  SPF.  Finally,  around  the  first  harmonic  of  BPF,  a 
5  dB  increase  in  the  broadband  signal  was  measured  as  a  result  of  the 
grid  induced  turbulence.  This  turbulence  also  increased  the  entire 
broadband  level  by  3  dB. 

Effects  of  the  shorter  (26.35  cm)  centerbody  with  no  grid  are  shown 
in  Figure  34.  The  difference  between  the  long  and  short  centerbodies, 
insofar  as  the  flow  is  concerned,  is  mainly  the  alteration  of  the 
strength  of  the  vortex  flow.  With  the  exception  of  the  smaller  center- 
body  boundary  layer,  other  parameters  such  as  wake  structure  and  inlet 
turbulence  should  not  be  changed.  With  no  struts  installed,  the  SPL  of 
90  dB  for  the  first  harmonic  and  72  dB  for  the  second  and  third  harmonics 
of  BPF  were  recorded.  With  the  struts  at  Z  *  0.91,  the  first  harmonic 
increased  to  93  dB,  and  the  second  harmonic  increased  to  81  dB.  No 
change  occurred  at  the  third  harmonic.  The  levels  of  the  first,  second, 
and  third  harmonics  of  SPF  were  77  dB,  75  dB,  and  73  dB,  respectively. 
Movement  of  the  struts  to  Z  *  0.18  caused  no  change  in  the  BPF  harmonics. 
The  first  and  second  harmonics  of  SPF,  however,  did  increase  by  2  dB 


each. 
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The  measured  speccra  with  the  grid  installed  are  shown  in  Figure  44. 
Without  struts,  the  level  of  the  first  BPF  was  82  dB.  The  second  and 
third  harmonics  were  78  dB  and  74  dB,  respectively.  Moving  the  struts 
closer  resulted  in  an  8  dB  increase  in  the  BPF  harmonic.  Increases  of 
3  dB  and  9  dB  were  measured  for  the  second  and  third  BPF  harmonics. 

The  first  and  second  SPF  harmonics  appeared  at  this  spacing  with  sound 
pressure  levels  at  75  dB.  The  broadband  level  was  measured  at  68  dB. 

4. 2. 2. 2  Correlation  of  acoustic  data.  In  the  configurations 
discussed  so  far,  there  are  three  sources  of  flow  disturbances  that  can 
generate  coherent  noise,  as  follows:  long  eddies  due  to  the  inlet  tur¬ 
bulence,  turbulence  and  velocity  defects  in  the  strut  wake,  turbulence 
and  velocity  distortions  in  the  vortices  at  the  root  of  the  struts.  The 
purpose  of  this  section  is  to  evaluate  the  relative  importance  of  these 
effects  based  on  physical  phenomena,  flow/noise  correlation,  and  existing 
theories. 

The  relative  dB  levels  of  the  first,  second,  and  third  harmonics  of 
BPF  are  shown  in  Figures  45a  and  45b  for  the  grid  and  no-grid  cases,  re¬ 
spectively.  In  this  section,  the  variation  of  the  SPL  of  the  first  har¬ 
monic  of  BPF  shown  in  these  figures  was  correlated  with  the  measured 
changes  in  the  following  parameters:  wake  velocity  profile,  wake  turbu¬ 
lence,  vortex  strength,  and  inlet  turbulence.  The  measured  sound  pres¬ 
sure  levels  of  the  first  harmonic  of  BPF  were  also  compared  to  the 

[44] 

predicted  levels  obtained  by  an  analytical  method  due  to  Homicz  and 
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an  unsteady  thrust  analysis  due  to  Thompson1  J  to  determine  which  pre¬ 
viously  mentioned  sources  make  the  dominate  contribution  to  rotor  noise. 
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Figure  44.  Sound  Spectra  for  26.35  cm  Center  body,  Grid  Installed. 
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Figure  45.  Variation  of  Blade  Passing  Frequencies  with  Strut  Spacing, 
Grid  and  No  Grid  Installed. 
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A  comparison  of  the  aforementioned  theories  with  the  measured  SPL 
of  the  first  BPF  is  shown  in  Figure  46.  Homicz's  theory,  which  models 
the  strut  wake  based  on  an  isolated  airfoil  wake  decay  model,  predicts 
that  a  20  dB  drop  should  occur  with  the  change  in  axial  separation  dis¬ 
tance  between  the  strut  and  the  rotor  used  in  this  experiment.  This  drop 
was  not  measured  in  either  the  grid  or  the  no  grid  case.  Homicz's  pro¬ 
gram  was  then  modified  to  exclude  noise  due  to  potential  flow  effects  and 
strut  noise  due  to  rotor  blade  passing  in  an  attempt  to  determine  only 
the  noise  due  to  the  rotor  operating  in  the  strut  wakes.  Results  indi¬ 
cate  that,  although  a  lower  SPL  was  obtained,  the  computed  dB  change 
with  separation  was  much  higher  than  measured. 

A  second  attempt  to  correlate  the  strut  wake  with  the  sound  pressure 

level  was  conducted  by  calculating  the  unsteady  thrust  of  the  rotor  by 

1 18 1 

using  an  analysis  due  to  Thompson1  .  The  input  of  this  technique  re¬ 
quired  360-degree  wake  surveys  at  three  radii:  r/rt  =  0.54,  r/rt  =  0.75, 
and  r/rt  *  0.95.  These  data,  shown  in  Figure  47,  are  similar  to  those 
presented  in  Figures  26  and  27,  with  the  exception  of  the  additional  data 
of  the  other  three  strut  wakes.  Each  wake  survey  was  Fourier  analyzed 
to  determine  the  harmonic  coefficients.  These  Fourier  coefficients  were 
then  used  to  compute  the  unsteady  rotor  thrust  J,  and  the  sound  pres¬ 
sure  level  which  is  proportional  to  the  square  of  the  unsteady  thrust. 

As  shown  in  Figure  46,  the  relative  change  in  the  sound  pressure  level 
due  to  the  unsteady  thrust  with  axial  strut  spacing  indicates  a  10  dB 
drop  in  SPL.  This  confirms  the  earlier  conclusion  that  the  velocity 
defect  due  to  the  strut  wake  was  not  a  major  source  of  rotor  noise. 

An  attempt  was  made  to  estimate  the  trend  in  the  tonal  noise  gener¬ 
ated  due  to  various  sources  using  the  experimental  flow  data.  The 


Figure  46.  Comparison  of  Theoretical  Noise  Predictions 
Experimental  Data. 


107 


sources  that  were  considered  were  inlet  turbulence,  wake  velocity  de¬ 
fect,  the  maximum  turbulence  intensity  in  the  strut  wake,  and  the 
strength  of  the  vortex  flow.  The  noise  due  to  the  wake  mean  velocity 
defect  (A)  should  vary  as  20  log  A  when  all  other  blade  and  flow  para¬ 
meters  are  held  constant.  Similarly,  the  noise  due  to  wake  turbulence 
and  the  vortex  flow  should  vary  as  20  log  (/u“/Ux)  and  20  log  £, 
respectively.  The  trends  estimated  from  such  calculations  are  shown  in 
Figure  43  along  with  the  measured  SPL  of  the  first  BPF.  While  the  mea¬ 
sured  change  in  tonal  intensity  is  only  2  dB  for  the  range  of  Z  =  0.18 
to  1.82,  the  variations  estimated  due  to  various  sources  are  substantial. 
This  seems  to  indicate  that  the  noise  due  to  rotor  ingestion  of  long 
eddies  in  the  inlet  turbulence  was  the  dominate  noise  source.  The  ob¬ 
served  decrease  in  tonal  noise  at  BPF  with  strut  spacing  is  within  ex¬ 
perimental  accuracy.  Furthermore,  the  length  scale  measurements  inside 
the  wake  indicate  that  the  long  length  scales  present  at  the  inlet  are 
not  shortened  as  they  pass  through  the  strut  wake  (both  free  stream  and 
boundary  layer  eddies). 

Installation  of  the  grid  has  been  shown  to  eliminate  the  long  length 
scales  and  is,  therfore,  more  likely  to  reveal  changes  in  the  SPL  due  to 
changes  in  wake  parameters.  It  is  evident  in  Figure  48b  that,  of  the 
three  parameters  plotted  against  the  SPL,  only  the  vortex  strength  shows 
a  similar  trend.  The  vortex  strength  at  an  axial  spacing  of  Z  =  1.82 
could  not  be  calculated;  however,  it  is  expected  that  it  would  have  been 
less  than  at  Z  =  0.18.  Therefore,  the  wake  velocity  defect  and  turbu¬ 
lence  intensity  are  not  strong  contributors  to  the  rotor  noise  spectrum. 

To  determine  the  effect  of  vortex  flow  on  the  BPF  rotor  noise,  com¬ 
parisons  are  made  for  the  flow  with  the  two  centerbodies  at  identical 
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Figure  48.  Comparison  of  Wake  Parameters  to  First  BPF,  Grid  and  No  Grid 
Installed. 
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axial  spacings  for  the  case  with  grid,  where  the  inlet  turbulence  eddies 
are  short.  In  Figure  49,  the  vortex  strengths  were  calculated  for  the 
two  spacings  Z  =  0.91  and  Z  =  1.82  for  the  long  and  short  centerbodies 
and  plotted  against  the  SPL  changes.  The  wake  parameters  of  velocity 
profile,  wake  velocity  defect,  and  wake  turbulence  are  constant  between 
the  two  centerbodies  for  a  given  strut  spacing.  Good  agreement  is  seen 
between  the  vortex  strength  changes  and  the  SPL.  This  indicates  that 
noise  due  to  rotor  interaction  with  vortices  bould  be  appreciable  in  some 
rotors. 

4 . 3  Aero-Acoustic  Measurements  of  Vortex  Flow 

In  this  section,  mean  velocity  profiles  and  turbulence  intensity 
profiles  for  various  vortex  strengths  are  presented.  For  all  measure¬ 
ments,  a  grid  was  installed  to  decrease  the  length  scales  of  inlet  tur¬ 
bulence.  All  aerodynamic  and  acoustic  measurements  were  done  using  the 
one  strut  configuration  shown  in  Figure  7.  Figure  50  is  a  conceptual 
illustration  of  the  formation  of  vortex  flow.  Also  shown  in  Figure  50 

Is  the  coordinate  system  for  mean  velocities  (U  ,  U  ,  and  U  )  and  for 

x  y  r 

the  nondimensional  tangential  probe  distance.  Tangential  velocity  was 
defined  positive  in  the  direction  of  the  rotor  blade  rotation.  Typical 
aeroacoustic  data  for  the  various  configurations  are  summarized  in 
Table  5. 


4.3.1  Aerodynamic  measurements  of  vortex  flow. 

4. 3. 1.1  Mean  velocity  profiles.  The  measured  axial  velo¬ 
city  profiles  at  r/rt  =  0.55  are  shown  in  Figure  51  as  a  function  of  the 
incidence  angle  (a).  Vortices  and  the  strut  wake  structure  are  clearly 
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Figure  49.  Comparison  of  Vortex  Flow  Strength  to  the  First  BPF, 
Grid  Installed. 
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Figure  51.  Axial  Velocity  Profiles  at  r/rt  * 
Strut  Incidence  Angles. 
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apparent  in  this  figure.  A  comparison  of  the  wake  profile  (with  a  short 
span  strut)  at  a  ■  0  in  Figure  51  to  the  profile  at  Z  ■  0.18,  long 
centerbody,  in  Figure  30  revealed  a  37  percent  reduction  in  the  wake 
velocity  defect  due  to  the  decrease  in  the  strut  span.  No  decrease  in 
vortex  strength  was  measured  between  the  two  configurations. 

Increasing  the  strut  incidence  resulted  in  a  stronger  vortex  on  the 
suction  side  of  the  strut.  The  suction  side  vortex  for  the  incidence 
angles  of  a  =  4  degrees,  12  degrees,  and  -12  degrees  were  located  at 

Y  ■  -0.1,  0.6,  and  -0.6,  respectively.  The  steepening  velocity  gradient 
to  either  side  of  these  locations  was  an  indication  of  a  stronger  vortex 
flow.  Concurrent  with  a  stronger  suction  side  vortex  was  a  weaker 
pressure  side  vortex.  The  location  of  the  pressure  side  vortex  core  for 
the  incidence  angles  of  a  *  4  degrees,  12  degrees,  and  -12  degrees  were 

Y  *  1.0,  1.9,  and  -1.7,  respectively. 

The  tangential  velocity  profiles  for  the  various  strut  angles  are 
shown  in  Figure  52.  At  this  radius,  the  hot  wire  probe  was  traversed 
below  the  vortex  core  region.  Therefore,  the  suction  side  vortex  core 
was  located  at  the  maximum  value  of  the  nondimensional  tangential  velo¬ 
city.  At  a  »  0,  the  vortex  cores  are  located  at  Y  =  ±0.6.  The  opposite 
rotation  of  the  vortex  pair  was  clearly  measured.  Increasing  the  strut 
incidence  angle  increased  the  magnitude  of  the  tangential  velocity  from 
5  percent  at  a  *  0  to  31  percent  and  48  percent  at  incidence  angles  of 
a  «  4  degrees  and  12  degrees,  respectively.  At  an  incidence  of  a  *  12 
degrees,  a  vortex  of  the  same  magnitude  as  the  vortex  generated  by  the 
incidence  a  ■  12  degrees  was  measured,  but  the  vortex  rotation  was  in 
the  opposite  direction.  The  opposite  rotation  of  the  vortex  was  the  re¬ 
sult  of  reversing  the  curvature  of  the  streamline  along  which  vortex 
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circulation  was  developing  .  The  magnitude  of  the  tangential  velocity 
generated  by  the  pressure  side  vortex  was  measured  to  be  no  greater  than 
15  percent  of  the  maximum  suction  side  tangential  velocity.  The  point 
of  inflection  in  the  tangential  velocity  profiles  between  the  suction 
and  pressure  side  vortices  marked  the  location  of  the  strut  wake. 

To  determine  the  structure  of  the  vortex,  the  axial  and  tangential 
velocities  were  measured  at  various  radii  for  the  cases  a  =  12  degrees 
and  a  =  -12  degrees.  These  strut  angles  were  chosen  because  they  gen¬ 
erated  the  strongest  vortices  and  therefore,  were  most  likely  to  affect 
the  rotor  noise  spectra.  The  measured  axial  and  tangential  velocity 
profiles  are  shown  in  Figures  53  through  56. 

The  axial  velocity  profiles  as  a  function  of  radial  probe  location 
are  shown  in  Figure  53  for  a  strut  incidence  angle  of  a  =  12  degrees. 

The  structure  of  the  strut  wake  was  seen  to  be  more  coherent  in  the 
region  near  the  root  of  the  strut.  In  the  region  of  the  strut  tip,  flow 
leakage  from  the  pressure  side  of  the  blade  to  the  suction  side  tended 
to  wash  out  the  strut  wake.  Velocity  measurements  at  the  strut  tip  re¬ 
vealed  no  evidence  of  a  strong  tip  vortex.  The  wake  velocity  defect  re¬ 
mained  nearly  constant  at  14  percent  of  the  local  free  stream  velocity 
at  the  strut  root. 

The  suction  side  and  pressure  side  vortices  are  located  at  Y  *  0.6 
and  1.9,  respectively.  The  size  and  strength  of  these  vortices  are 
shown  in  Figure  54.  The  suction  side  vortex  was  found  to  extend  from 
the  strut  root  to  r/rt  *  0.59.  This  corresponds  to  a  vortex  diameter  of 
0.85  cm,  or  two-thirds  the  span  of  the  strut  (1.27  cm).  The  vortex  dia¬ 
meter  was  nondimensionalized  by  the  local  rotor  blade  spacing  (1.34  cm  at 
r/rt  -  0.57)  to  yield  a  tangential  probe  distance  of  0.46.  This 
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Figure  53,  Axial  Velocity  Profiles  at  a  -  12  Degrees  for  Various  Radii 
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Figure  55.  Axial  Velocity  Profiles  at  ct  =  -12  Degrees  for  Various  Radii. 
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corresponds  to  the  distance  measured  on  the  tangential  velocity  profile 
at  r/rt  =  0.57.  In  contrast  to  the  suction  side  vortex,  the  pressure 
side  vortex  extended  no  farther  than  r/r  =  0.55.  Therefore,  the  size 
of  the  pressure  side  vortex  was  less  than  half  the  size  of  the  suction 
side  vortex.  Based  on  these  data,  the  contribution  of  the  pressure  side 
vortex  to  rotor  noise  was  believed  to  be  overshadowed  by  the  dominant 
suction  side  vortex. 

The  effect  of  negative  strut  incidence  (a  =  -12  degrees)  on  the 
axial  velocity  profile  is  shown  in  Figure  55.  A  comparison  of  Figure 
55  to  Figure  53  shows  the  a  =  -12  degree  profiles  to  be  reversed  from 
the  profiles  at  a  =  12  degrees,  but  otherwise  similar.  The  wake  center- 
line,  pressure  and  suction  side  vortices  are  now  located  at  Y  =  -1.2, 

-1.7,  and  -0.6,  respectively.  At  the  strut  tip,  the  wake  structure  was 
again  seen  to  collapse  due  to  tip  flow  leakage,  as  in  the  a  »  12  degree 
case.  The  strut  wake  velocity  defect  was  14  percent  of  the  free  stream 
velocity. 

The  size  and  strength  of  the  vortices  for  a  =  -12  degrees  are  shown 
in  the  tangential  velocity  profiles  of  Figure  56.  A  comparison  of  the 
tangential  velocities  of  the  a  =  -12  degree  and  a  *  12  degree  cases  re¬ 
veal  the  vortices  to  be  of  the  same  magnitude,  but  of  opposite  rotation 
(compare  Figures  54  and  56).  The  direction  of  vortex  rotation  and,  hence, 
the  direction  of  the  tangential  velocity  is  believed  to  be  important  by 
virtue  of  its  effect  on  the  angle  of  attack  at  which  the  rotor  blade  is 
operating.  Positive  tangential  velocities  vectorially  add  with  the 
relative  velocity  due  to  rotor  blade  rotation  and  with  the  axial  velocity 
to  increase  the  rotor  blade  angle  of  attack.  The  increased  angle  of 
attack  should  increase  the  rotor  blade  thrust  and,  therefore,  lead  to  a 
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higher  noise  level.  Conversely,  a  negative  tangential  velocity  (case 
ct  =  -12  degrees)  subtracts  from  the  relative  velocity  due  to  rotor  blade 
rotation  and  this  reduces  the  rotor  blade  angle  of  attack.  A  decreased 
angle  of  attack  reduces  the  rotor  thrust  and,  therefore,  should  lead  to 
a  lower  noise  level.  Acoustic  measurements  to  be  discussed  in  the  fol¬ 
lowing  section  verify  this  result. 

4. 3. 1.2  Turbulence  intensity  profiles.  The  axial  and  tan¬ 
gential  turbulence  intensities  are  plotted  in  Figures  57  and  58  for 
r/r  =  0.55  for  various  strut  incidence  angles.  In  Figure  57,  the  maxi¬ 
mum  axial  turbulence  values  were  measured  at  the  wake  centerline,  and 
at  the  vortex  core  when  the  strut  incidence  angle  is  nonzero.  The  axial 
peaks  occurring  at  Y  =  -1.25  for  the  cases  a  =  12  degrees  and  4  degrees, 

Y  =  ±1.25  for  a  =  0  degree,  and  Y  =  1.25  for  a  =  -12  degrees  may  be  due 
to  the  presence  of  the  edge  of  the  vortex  in  these  regions.  For  a  com¬ 
bined  vortex,  the  intensities  should  peak  near  the  outer  edge  of  the 
core. 

The  increase  in  the  strut  incidence  generally  resulted  in  a  decrease 
in  the  axial  turbulence  intensity  at  the  wake  centerline.  The  25  percent 
decrease  in  axial  intensity  at  the  strut  wake  center  from  the  a  =  0 
degree  to  the  a  =  12  degree  case  is  believed  to  be  higher  due  to  the 
generally  lower  free  stream  turbulence  levels  measured  for  the  a  =  12 
degree  case.  A  more  realistic  value  of  6  percent  is  obtained  if  the 
a  3  0  degree  and  a  =  -12  degree  cases  are  compared. 

The  axial  turbulence  intensities  near  the  vortex  core  exhibited  a 
significant  rise  with  increasing  strut  incidence  angle.  At  a  =  0  degree 
the  axial  intensity  of  the  vortices  was  3  percent.  The  axial  turbulence 
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Figure  57.  Axial  Turbulence  Intensity  Profiles  at  r/r 
for  Various  Strut  Incidence  Angles. 
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intensity  at  the  suction  side  vortex  core  increased  by  30  percent  as  a 
varied  from  0  degree  to  ±12  degrees.  The  largest  increase  in  axial  in¬ 
tensity,  however,  occurred  at  the  pressure  side  vortex  core  centerline. 

The  axial  turbulence  intensity  near  the  pressure  side  vortex  core  doubled 
from  the  a  =  0  degree  case  to  the  a  =  ±12  degree  cases.  The  higher  tur¬ 
bulence  levels  of  the  pressure  side  vortex  are  to  be  expected,  because 
the  vortex  flow  is  developing  under  an  adverse  pressure  gradient. 

Meaurements  of  the  tangential  turbulence  intensities  are  shown  in 
Figure  58  for  various  incidence  angles.  The  tangential  turbulence  in¬ 
tensity  in  the  free  stream  was  3  percent  of  the  mean  velocity.  This 
was  25  percent  lower  than  the  free  stream  axial  turbulence  intensity. 

Peaks  of  5  percent  in  the  turbulence  intensity  profile  occur  at  Y  =  ±1.25. 
For  the  strut  incidence  of  a  =  0,  the  measured  tangential  intensities  at 
the  wake  and  vortex  cote  centerlines  were  7  percent  and  2.2  percent, 
respectively. 

The  effect  of  increasing  the  strut  incidence  angle  on  the  tangential 

t 

component  of  turbulence  follows  the  same  pattern  as  was  discussed  for  the 
axial  component  of  turbulence  intensity.  The  tangential  turbulence  in¬ 
tensity  at  the  strut  wake  centerline  decreased  by  7  percent  as  incidence 
angle  increased  to  a  =  ±12  degrees.  Finally,  the  level  of  tangential 
turbulence  intensity  at  both  the  suction  and  pressure  side  vortex  cores 
rises  with  increasing  incidence  angle.  The  tangential  intensities  in 
the  suction  and  pressure  side  vortex  cores  increased  by  a  factor  of  1.0 
and  1.5,  respectively,  with  strut  incidence  angle.  This  was  to  be  ex¬ 
pected,  since  the  high  strut  incidence  angles  are  producing  stronger 


vortices. 
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For  the  cases  of  a  *  ±12  degrees,  the  flow  field  was  measured  at 
various  radii  to  obtain  a  more  complete  picture  of  the  turbulence  struc¬ 
ture  generated  by  the  vortex  flow.  In  Figures  59  and  60,  the  axial  and 
tangential  components  of  turbulence  intensity  are  plotted  at  various 
radii  for  the  case  of  a  =>  12  degrees.  Beginning  with  the  strut  wake, 
the  axial  and  tangential  components  of  turbulence  intensity  at  the  wake 
centerline  are  fairly  constant  with  radius.  Axial  and  tangential  turbu¬ 
lence  intensities  at  the  wake  centerline  were  6.3  percent  and  4.9  percent, 
respectively.  The  peak  intensities  due  to  vortex  flow  occur  at  the  edge 
of  the  core  or  the  mixing  region.  As  can  be  seen,  this  occurs  at 
Y  =  ±1.0,  their  values  being  maximum  near  the  centerbody.  The  maximum 
values  of  axial  turbulence  intensity  decrease  continuously  from  0.075  to 
0.03  on  the  suction  side  and  remain  fairly  constant  on  the  pressure  side. 

The  axial  and  tangential  turbulence  intensity  profiles  at  various 
radii  for  ct  =  -12  degrees  are  shown  in  Figures  61  and  62.  At  a  *  -12 
degrees,  the  locations  of  the  wake  centerline  and  the  vortices  are  re¬ 
versed  from  those  at  a  =  12  degrees. 

The  turbulence  levels  at  the  strut  wake  centerline  did  not  show  a 
significant  variation  with  radial  probe  location.  Typical  levels  of  the 
axial  and  tangential  components  of  turbulence  intensity  were  6  percent 
and  5.7  percent,  respectively.  These  turbulence  levels  are  similar  to 
those  in  the  a  =  12  degree  case. 

In  Figures  61  and  62,  the  turbulence  intensities  are  seen  to  peak 
at  the  edge  of  the  suction  and  pressure  side  vortex  locations.  The 
suction  side  vortex  core  and  outer  edge  region  were  again  found  at  the 
radial  locations  of  r/rt  ■  0.55  and  r/rt  «  0.59,  respectively.  The 
axial  and  tangential  turbulence  intensities  at  the  core  were  4.7  percent 
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Figure  59.  Axial  Turbulence  Intensity  at  a  *  12  Degrees  for 
Various  Radii. 
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Figure  61.  Axial  Turbulence  Intensity  at  a  -  -12  Degrees  for 
Various  Radii. 
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and  3.5  percent  of  the  mean  flow  velocity.  At  the  outer  edge  of  the 
vortex  region,  the  maximum  axial  and  tangential  components  of  turbulence 
intensities  were  8  and  5  percent,  respectively.  When  these  results  were 
compared  to  the  a  *  12  degree  case,  it  was  found  that  the  turbulence 
intensities  measured  with  a  ■  -12  degrees  were  on  the  order  of  10  percent 
higher  than  those  for  the  a  ■  12  degree  case.  Analysis  of  the  experi¬ 
mental  data  revealed  the  free  stream  axial  turbulence  intensity  for 
a  =  -12  degrees  to  be  4  percent  of  the  mean  velocity,  as  opposed  to 
3  percent  for  the  a  =  12  degree  case.  The  free  stream  tangential  tur¬ 
bulence  intensity  level  was  the  same  for  both  cases.  Reviews  of  the 
experimental  procedure  indicated  that  the  data  for  the  two  cases  were 
recorded  on  two  separate  days.  Therefore,  it  was  concluded  that  the 
differences  noted  may  be  due  to  different  atmospheric  conditions  which 
result  in  different  levels  of  inlet  turbulence. 

4.3.2  Acoustic  data  and  interpretation. 

4. 3. 2.1  Sound  spectra  data.  The  sound  spectra  for  four 
struts  at  the  various  incidence  angles  of  a  =  ±12  degrees,  4  degrees, 
and  0  degree  are  shown,  along  with  the  natural  boundary  layer  (NBL) 
case,  with  the  grid  installed,  in  Figure  63.  For  the  NBL  case,  the  SPL 
of  the  first  BPF  (1541  hz)  was  81  dB.  Installation  of  the  shorter  struts 
at  a  =*  0  degrees  resulted  in  a  2.6  dB  increase  in  the  BPF.  The  effect 
of  shortening  the  strut  span  on  the  rotor  noise  can  be  determined  by  com¬ 
paring  this  case  to  the  case  of  Z  *  0.18  with  a  57.63  cm  centerbody  and 
with  grid  installed  as  shown  in  Figure  42.  Decreasing  the  strut  span 
from  4.38  cm  to  1.37  cm  resulted  in  a  3  to  4  dB  drop  in  the  first  BPF 
harmonic  plus  the  disappearance  of  the  second  and  third  BPF  harmonics 
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and  all  SPF  (strut  passing  frequency)  harmonics.  This  decrease  in  the 
SPL  of  the  first  BPF  is  believed  to  be  due  mainly  to  the  removal  of  the 
vortex  flow  generated  at  the  strut  tip.  The  magnitude  of  the  vortex 
flow  at  the  root  of  the  strut  was  the  same  for  both  cases.  Removal  of 
the  strut  wake  was  not  the  source  of  the  noise  reduction  since  data  re¬ 
ported  in  the  previous  section  showed  rotor  noise  to  be  relatively 
unaffected  by  the  wake. 

Varying  the  incidence  angle  of  the  struts  resulted  in  only  a  ±1  dB 
change  in  the  SPL  of  the  first  BPF  for  the  cases  of  ±12  degrees.  Be¬ 
cause  this  change  in  the  SPL  was  on  the  order  of  the  accuracy  of  the 
experimental  measurements,  it  was  decided  to  remove  three  of  the  struts 
to  increase  the  effect  of  the  vortex  flow  on  the  first  BPF.  By  varying 
the  strut  incidence  from  a  =  12  degrees  to  a  =  -12  degrees,  the  change 
in  the  first  BPF  harmonic  was  significantly  higher. 

The  sound  spectra  for  the  single  short  strut  at  incidence  angles 
varying  from  a  =  -12  degrees  to  12  degrees  are  shown  in  Figure  64.  At 
a  =>  0  degrees  the  SPL  of  the  first  BPF  increased  less  than  1  dB  over  the 
NBL  case.  As  the  incidence  angle  was  increased  in  increments  of  4 
degrees,  the  SPL  of  the  first  harmonic  initially  increased  to  84.6  dB  at 
a  =  4  degrees  then  decreased  to  84.3  dB  and  83  dB  at  a  =  8  degrees  and 
12  degrees,  respectively.  At  negative  incidence  angles,  the  SPL  of  the 
first  BPF  steadily  increased  from  83.2  dB  at  a  =  -4  to  83.7  dB  at  a  =  -8 
degrees,  and  finally,  to  87.6  dB  at  a  =  -2  degrees.  The  broadening  of 
the  peak  at  the  first  harmonic  was  due  to  the  grid  induced  turbulence. 

4. 3. 2. 2  Correlation  of  the  acoustic  data.  A  comparison  is 
shown  in  Figure  65  of  the  measured  SPL  of  the  first  BPF  for  the  one  and 
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four  strut  cases  with  the  unsteady  thrust  analysis  due  to  Thompson1  J 
and  with  the  variation  of  the  measured  vortex  strength.  The  measured 
velocity  profiles  at  several  radii  for  the  cases  a  =  ±12  degrees, 

4  degrees,  and  0  degree  were  Fourier  analyzed  to  obtain  the  harmonic  co¬ 
efficients.  The  calculated  trends  of  unsteady  thrust  based  on  these 
coefficients  did  not  agree  with  the  measured  SPL  of  the  first  BPF. 

This  confirms  the  results  from  the  previous  section  that  the  limited 
wake  structure  was  not  a  major  noise  source. 

The  strengths  of  the  vortices  for  the  cases  of  a  =  12  degrees  were 

calculated  from  the  variation  of  tengential  velocity  with  radial  location, 
shown  previously  in  Figures  54  and  56.  If  the  vortex  strength  is  evalu¬ 
ated  on  a  radial  line  through  the  vortex  core,  where  the  radial  component 
of  velocity  is  zero,  the  equation  for  the  vortex  strength  [Equation  (4 . 5)] 
reduces  to  the  equation  shown  below. 


(4.10) 


The  variation  of  the  vortex  strength  was  calculated  as  20  log  £.  It  is 
apparent  from  Figure  65  that,  for  the  cases  a  =  ±12  degrees,  the  change 
in  the  vortex  strength  agrees  well  with  the  change  in  the  SPL  of  the 
first  BPF.  Therefore,  the  strength  of  the  vortex  was  seen  as  possible 
as  a  major  rotor  noise  source.  Finally,  in  comparing  trends  of  possible 
noise  source  sound  pressure  levels  at  blade  passing  frequency,  one  can 
only  eliminate  possible  sources.  In  order  to  truly  ascertain  a  source  or 
sources,  a  comparison  of  levels  must  also  be  made. 
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CHAPTER  V 


CONCLUSIONS 

The  following  major  conclusions  can  be  drawn  from  this  study  of  the 
behavior  of  inlet  turbulence  and  strut  generated  disturbances  on  a  rotor 
noise  spectrum: 

1.  The  hypothesis  by  earlier  investigators  on  the  effect  of 
a  statis  facility  on  the  elongation  of  eddies  has  been 
confirmed.  The  measurements  indicate  that  eddies  are 
stretched  as  much  as  ten  times  their  original  length. 

This  depends  on  the  contraction  ratio  and  the  inflow 
turbulence  properties.  Long  eddies  are  a  major  source 
of  BPF  noise  in  this  static  facility.  They  overshadow 
all  other  sources. 

2.  In  the  presence  of  these  long  eddies,  the  strut  wake  (mean 
velocity  defect)  is  not  a  major  source  of  noise. 

3.  The  sound  pressure  level  due  to  unsteady  thrust  computed 
from  the  measured  mean  velocity  wake  profiles  does  not 
correlate  well  with  the  trend  exhibited  by  the  BPF  pure 
tone  noise. 

4.  The  vortex  flow  generated  near  the  intersection  of  the 
strut  with  the  inner  and  outer  annulus  walls  emerged  as 
a  possible  major  noise  source  in  the  absence  of  large 
inlet  turbulence  effects  (i.e.,  long  turbulent  eddies). 

5.  In  addition  to  the  strength  of  the  vortex  flow,  the 
direction  in  which  the  vortex  was  rotating  was  seen  as 
possible  important  parameter  in  the  magnitude  of  the 
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rotor  noise  generated. 

These  conclusions  are  valid  for  low  Mach  number  turbo¬ 
machinery.  At  high  Mach  numbers,  the  relative  importance 
of  these  sources  may  change. 
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